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ABSTRACT 
High accumulation of greenhouse gases in the atmosphere, particularly CO2, drives 
increases in the global surface temperatures and is already impacting life on Earth. The impact of 
these changes on agro-ecosystem is particularly important as we rely on agriculture for food, 
fiber, and renewable energy, the demand for which is increasing as human population rises. 
Photosynthesis is the primary means by which plants sense rising atmospheric concentrations of 
CO2 ([CO2]) and all metabolic pathways are responsive to changes in temperature. In this thesis, 
I address, first, the effects of rising [CO2] and increasing temperatures on photosynthesis, growth 
and yields for the tenth most productive crop, soybean. Environmental conditions are shown to 
strongly influence the progression of crops through vegetative and reproductive growth stages. 
Therefore, I next evaluate the effects of elevated CO2 and high temperature on vegetative and 
reproductive development for soybean. Maize, the second most productive crop in the world, is 
expected to behave different than soybean under conditions of elevated CO2 and high 
temperatures because this crop differs in its photosynthetic pathway. Thus, I evaluate the 
response of photosynthesis, growth and yield in maize under the same conditions presented for 
soybean. My research was conducted over three years using the Temperature by Free Air CO2 
Enrichment experiment (T-FACE) which simulated conditions predicted by mid-century in terms 
of CO2 and temperature, at the SoyFACE research facility in Champaign, IL. For soybean, 
photosynthesis, growth and yield were reduced with high temperatures and increased with 
elevated CO2. However, rising both CO2 and temperature produced a variable response that was 
dependent on the weather conditions during the growing season. Soybean under the combined 
treatment did not perform better than under only elevated [CO2] but elevated CO2 helped to 
mitigate the decreases in photosynthesis under high temperature conditions. Additionally, 
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soybean presented a faster vegetative development under increased temperature which offset the 
delay of reproductive development caused by elevated CO2. For maize, it was found that the 
increase in temperature reduced photosynthesis during reproductive stages while elevated CO2 
had no effect on photosynthesis. A stimulation of vegetative biomass and a reduction of yield 
were observed with increased temperature, resulting in no change for the total above-ground 
biomass. The results in this thesis add evidence for the negative effects of global warming to 
photosynthesis and productivity in soybean and maize. Additionally, these results are different 
from predictions based on laboratory or enclose experiments for the CO2 plus temperature 
treatment, emphasizing the necessity for in-field experiments in order to have more reliable 
predictions of the effects of climate change on agriculture. This thesis contributes toward 
improved predictions of key agronomic species grown in the Midwestern agriculture in the 
context of climate change. 
  
iv 
 
DEDICATION 
 
I would like to dedicate this Thesis to the people I love the most - my parents Nora Luz Vera 
Huanqui and Juan Ruiz Escriba. Without their support and love, this would not have been 
possible. I also want to dedicate this Thesis to my companion and best friend, my Dalmatian 
Bruno - may he rest in peace. He was with me from the beginning of my career, not sleeping 
when I was not sleeping either because I was studying or doing homework. Finally, I want 
dedicate this Dissertation to my sisters, Paola G. Ruiz Vera and Elizabeth R. Ruiz Vera, and 
nephews, Adryan F. De Almeida and Lucas R. Koorsen; I am and will always be able to count on 
them to share in the happiness of my achievements. 
  
v 
 
ACKNOWLEDGEMENTS 
I want to thank many people that have helped me in my project and supported me during 
my years in the PhD. program, without their help I could not been finished this stage of my 
career and life. First of all, I would like to thank my advisor Carl Bernacchi who believed I had 
the necessary skills to do a graduate program in this high level university. I cannot leave without 
mentioning that I am also very thankful for his support, guidance, advice and principally time 
during these 5 years, which have been very critical for my success in this stage. I want also to 
thank the other members of my thesis committee: Donald Ort, Stephen Long, and Lisa 
Ainsworth for their support, constructive criticism and time through all these years, and of course 
it was, for me, a great honor that you accepted to be part of my thesis committee. I want also to 
thank some professors that have helped me with guidance and friendly support: Andrew Leakey, 
Tom Jacobs, Jim Dalling and Steve Huber. I want also to thank the comments that Bruce 
Kimball did in my first manuscript, which is now published.  
During the development of my project, many people help me but I want to point out the 
help of David Drag who was the technician of the Bernacchi Lab, manager of SoyFACE, who 
helped design the T-FACE experiment and was in charge of the technical maintenance of the 
plots. Other important people at the SoyFACE facility that I would like to thank are: Kannan 
Puthuval and Chris Montes. Among the postdoc and graduate students that help me in some way 
to do the collection of the data I want to thank: David Rosenthal, Craig Yendrek, Marcelo Zeri, 
Nuria Gomez, George Hickman, Sharon Gray, Becky Slattery, Amy Betzelberger, Anna Locke, 
Katie Richter, Pam Hall, Bob Koester, Chris Black, Courtney Leisner, Olivia Niziolek and Matt 
Nantie; with specials thanks to David Drag again, Matt Siebers and Vanessa Piattoni who helped 
me unconditionally.  
vi 
 
It was a pleasure for me to work with very helpful and smart undergraduates at that time, 
so I want to thank the help of Christina Burke, Sarah Campbell, Philip Brandyberry, Ben 
Castellani, Shelby and Ben Ruettiger, Ying Ou, Aaron Letterlee, the now master student Nick 
DeLucia and M.S. Molly Zhang. Of course I do not want to forget all the additional hands that 
were at SoyFACE during the installation of the experiment and sampling days, thank you a lot. I 
want to thank John Drake, Mike Master and Patricia Lazicki for their patience in teaching me to 
use the elemental analyzer and to Craig Yendrek, Sharon Gray and Lauren Segal who helped me 
do some laboratory work. Thank you to Jing Dong and Cody Markelz for their instructions 
related with the water potential measurements and to Joseph Castro for his advice on the plant 
development data. I want to thank all the support and friendship I have received from all past and 
new members of the Bernacchi Lab, from the people in the Department of Plant Biology and 
from the Institute for Genomic Biology. 
It was a challenge for me to study abroad, thus, I am and will always be very thankful for 
the wonderful people I met in Champaign-Urbana. I want to thanks their support, company, 
advice and principally friendship to my sweet Thai friends Pimonrat Tiansawat (Pim), 
Nannaphat Saenghong (Nang) and Somkanok Vilmolmangka (Aom), to Patricia Lazicki, Ally 
DiGirolamo, Edrina Rashidi, Vanessa Piattoni, Maria Ines Romero, Jessica Hajek, Joshua 
George, Astrid Ferrer, Bobbie and Wes Maurer, and many other friends that I will not mention 
here but are always in my mind. All of you were part of my new family in Champaign-Urbana.  
In this small town sometimes I felt like I was in Peru, and that was only possible with the 
efforts of Christian Espinoza and the Peruvian community integrated by Kathy Villacorta, Julio 
Zambrano, Doris Lagos, Doris Carbajal, Ada Stamper and family, Elena Mendoza, Alfonso 
Diaz, Annia Vargas, Pablo Reyes, Claudia Crespo, Eduardo Mantilla, Augusto Yim and Roger 
vii 
 
Asensios, among others. I look forward to have with all of you many parties and reunions in the 
future all over the world. Thank to my aunt Silvia Paz who helped me since I arrived in 
Champaign, I will be always thankful for that. Finally, I want to thank my family who was 
always with me here in Champaign, in Orlando, in Indiana or in Lima, my lovely parents Juan 
Ruiz and Nora Vera, and my beautiful sisters Paola and Elizabeth Ruiz Vera; I could not 
accomplish anything without your love. 
  
viii 
 
Table of Contents 
 
CHAPTER 1: GENERAL INTRODUCTION ............................................................................... 1 
CHAPTER 2: GLOBAL WARMING CAN NEGATE THE EXPECTED CO2 STIMULATION 
IN PHOTOSYNTHESIS AND PRODUCTIVITY FOR SOYBEAN GROWN IN THE 
MIDWEST UNITED STATES .................................................................................................... 17 
CHAPTER 3: GLOBAL WARMING ACCELERATES VEGETATIVE DEVELOPMENT 
AND OFFSETS THE EXPECTED DELAY IN REPRODUCTIVE DEVELOPMENT BY 
ELEVATED CO2 IN SOYBEAN ................................................................................................. 54 
CHAPTER 4: INCREASED TEMPERATURE CAUSED THE DOWN-REGULATION OF 
PHOTOSYNTHESIS AND THE REDUCTION OF YIELD IN MAIZE GROWN AT 
AMBIENT AND ELEVATED [CO2] .......................................................................................... 81 
CHAPTER 5: GENERAL CONCLUSION ................................................................................ 121 
APPENDIX I .............................................................................................................................. 131 
APPENDIX II ............................................................................................................................. 139 
 
1 
 
CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
Climate change and its effect on plants 
The composition of greenhouse gases (GHG) in the atmosphere has changed dramatically 
since the advent of the industrial revolution (NOAA-ESRL). Due to the positive radiative forcing 
of GHG, the global mean temperature has increased by ~0.85°C since 1880 (IPCC, 2013). 
Among the GHG, carbon dioxide (CO2) is the main contributor to warming associated with 
anthropogenic emissions (IPCC, 2007; IPCC, 2013). The concentration of 400 μmol mol-1 of 
CO2 has already been reported for Mauna Loa in May 2013 (NOAA-ESRL); and it is possible 
that the rates of increases in [CO2] are accelerating faster than previously predicted (Canadell et 
al., 2007). Rapid increases in [CO2] will likely lead to increases of temperature up to 5.7°C 
(RCP8.5 scenario; IPCC, 2013) on the global surface by the end of this century.  
How will these two factors, elevated CO2 and rising temperature, affect crop systems in 
terms of growth and development? For C3 plants increasing the [CO2] stimulates photosynthetic 
carbon assimilation (A), biomass and yield (e.g., Curtis & Wang, 1998; Bernacchi et al., 2003; 
Nowak et al., 2004; Long et al., 2004; Ainsworth & Long, 2005; Long et al., 2006; Ainsworth & 
Rogers, 2007). Additionally, the response of A to [CO2], as observed in the A vs. intercellular 
CO2 response curves (A/Ci curves) is non-linear. The rate of A is limited by the slowest of three 
biochemical processes: the maximum rate of Rubisco-catalyzed carboxylation (Rubisco-limited), 
the regeneration of ribulose-1,5-bisphosphate (RuBP) controlled by electron transport rate 
(RuBP-limited), and the regeneration of RuBP controlled by the rate of triose-phosphate 
utilization (TPU- limited). Each of these processes responds differently to environmental 
conditions (von Caemmerer & Farquhar, 1981; von Caemmerer, 2000). In addition, the rise of 
atmospheric [CO2] also reduces stomatal conductance (gs) and transpiration, which contribute to 
2 
 
the decrease of the latent heat loss and to the increase of leaf temperature (Bernacchi et al., 
2007). 
The potential rise in leaf temperature by the elevated [CO2] will be further increased with 
climate warming and this higher leaf temperature can affect metabolic processes like 
photosynthesis. The key parameters associated with each of the photosynthetic limitations, 
maximum RuBP saturated rate of carboxylation (Vc,max Rubisco-limited A), maximum rate of 
electron transport (Jmax; RuBP-regeneration-limited A), triose-phosphate utilization (VTPU; TPU-
limited A), and mitochondrial respiration rate in the light (Rd) are highly temperature dependent 
and therefore affect how A responds to temperature, including the thermal optimum (Topt) for 
photosynthesis (e.g., Long, 1991; Bernacchi et al., 2013). For example, in a warmer climate 
plants can stabilize and generate higher A levels as a photosynthetic acclimation response to 
long-term temperatures (Sage et al., 2008). However, higher temperatures can also surpass the 
Topt, and will consequently reduce the rate of A (Sage et al., 2008).  
The growth environment plays a critical role in determining the progression of plants 
through their developmental stages. The duration of exposure to temperature above some 
minimal threshold is used to predict the time that the plant will take to progress through discrete 
phenological stages.  The accumulation of exposure to these temperatures is referred to as 
thermal time and is presented as growing degree days (GDD). The use of accumulated GDD is 
used to predict when plants will achieve various vegetative and reproductive growth stages. The 
GDD is important because it is the fundamental index used in many crop production models.  
Based on accumulated GDD, global warming would accelerate phenology; however, whether 
plants grown at higher temperatures maintain the same key developmental GDD triggers needs 
to be tested. For crop plants, acceleration or delay in plant development can affect total biomass 
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and yield. Thus, it is important to measure the impacts of climate change on plant development 
and to understand their consequences on crop productivity.  
Climate change and the Midwestern agriculture ecosystem 
The maize-soybean system is the largest continuous ecosystem in US, with the majority 
of its area located in the Midwest. Over 70 million hectares planted in maize and soybean 
(USDA-NASS, 2013) makes the United States the world highest producer of these two crops. 
The importance of crop ecosystems principally relies on the socioeconomic impact of seed and 
food production. However, they also provide other ecosystem services such as soil and water 
quality management, biodiversity regulation and carbon sequestration (Power, 2010). Among 
these, yield production and carbon storage in plants depend on the rate of photosynthesis, which 
relies on the weather conditions for each growing season. Past records show clear linkages with 
season conditions and crop yields, for example yield losses have been associated with floods or 
droughts (Figure 1.1). Some predictions for the Midwestern US indicate increases in the number 
of extreme events including heat waves, drought and floods (IPCC, 2007; IPCC 2013), which 
can affect the productivity of plants. The future climate variability can drive changes in crop 
management and in the necessity to use new cultivars that are better adapted to future conditions 
such as higher temperatures and increased [CO2]. 
The goal of this thesis is to evaluate the impacts of two dominant global changes, the 
increase of [CO2] in the atmosphere and the consequent rise of temperature on agro-ecosystems. 
The focus will be principally on studying their consequences on (1) photosynthesis and the 
biochemical processes involved in photosynthesis, (2) how responses are translated into changes 
in aboveground biomass and yield, and (3) the implications that the new climate will have on 
vegetative and reproductive development. Improved understanding of how maize and soybean 
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respond to these changes is critical for predicting future food supply and potentially for 
identifying opportunities where crops can be improved. Moreover, this thesis presents results 
from two different photosynthetic pathways, C3 and C4, and the findings can be used as initial 
information to understand the responses of other C3 and C4 plants to climate change. 
Temperature by Free Air CO2 Enrichment experiment 
The research in this thesis was conducted at the Temperature by Free Air CO2 
Enrichment (T-FACE) experiment nested within the SoyFACE facility at the University of 
Illinois South Farms (http://www.igb.illinois.edu/soyface/). This experiment increased the plant 
canopy temperature by ~3.5°C above background temperatures throughout the growing season.  
This level of heating is greater than has been done in previous studies (Kimball et al., 2008) and 
required a higher demand of power. To achieve the increase in temperature, the infrared heating 
array described in Kimball (2005) and Kimball et al. (2008) was modified. Some changes in the 
T-FACE plots included a high number of heaters suspended in a rigid triangle structure and the 
improvement of the PID (proportional-integrative-derivative) feedback control system to 
minimize variation in temperatures. The high temperature and paired ambient temperature 
reference plots were nested within larger FACE plots in which the crops were grown under 
control or elevated CO2 (Figure 1.2). The T-FACE experiment allows for investigations of the 
interactions between high temperature and elevated CO2 on crops grown under field conditions, 
and was conducted over three growing seasons. 
The objectives of this thesis are to quantify and understand what drives the changes in 
photosynthesis, plant development and biomass production under future climate changes 
conditions for temperature and CO2 .These objectives are presented and developed in the 
following chapters. 
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(1) CHAPTER 2: This chapter investigates the physiological responses of soybean 
photosynthesis, growth and productivity to an elevated [CO2] by temperature experiment over 
two climatologically contrasting growing seasons. The role of stomatal conductance in 
photosynthetic responses is also explored in this chapter. The hypothesis of this chapter is that 
photosynthesis and productivity will be greater in soybeans under the combined increase of 
temperature and [CO2] compared to plants under only high [CO2]. This was based on a 
theoretical stimulation of photosynthesis with increasing atmospheric [CO2] and on the kinetic 
response of the main carboxylating enzyme, Rubulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) to temperature. Gas exchange measurements, water potential, developmental, biomass 
and yield data were used with meteorological records to test this hypothesis and to understand 
the underlying mechanisms behind the responses. 
(2) CHAPTER 3: This chapter investigates how the developmental stages in soybean 
are impacted by the increase in ambient temperature and [CO2].  The hypothesis of this chapter is 
that increased temperature will accelerate developmental stages during both vegetative and 
reproductive stages at ambient and elevated [CO2]. An increase of [CO2] has been shown to 
delay reproductive development in soybean (Castro et al., 2009). Thus, I predict that the 
combination of high temperature and [CO2] will not differ from control because the increase in 
temperature will offset the CO2 effect.  
(3) CHAPTER 4: In this chapter, the major processes limiting photosynthesis in 
maize grown at elevated [CO2] and high temperature using the T-FACE experiment are 
evaluated as the ultimate influences of these treatments on biomass and yield production. The 
hypothesis of this chapter is that maize photosynthesis will decrease with rising temperature due 
to the down-regulation of photosynthetic processes, and that this decrease will be reflected in 
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lower above-ground biomass and yield, independently of the [CO2] treatment. The responses in 
maize will differ from those in soybean because of the different photosynthetic mechanism 
employed by these crops.  Soybean (Chapter 2) is a C3 plant that relies exclusively on diffusion 
of carbon dioxide to Rubisco.  Maize, on the other hand, utilizes the C4 photosynthetic pathway 
that concentrates CO2 inside the leaf leading to higher photosynthetic efficiency due to the 
prevention of oxygenation.  The chapter’s hypotheses are tested using gas exchange, water 
potential, leaf nitrogen, development, biomass and yield measurements coupled with 
meteorological data.  
(4)  CHAPTER 5: In this final chapter, the results of the research chapters are framed 
within the view of Midwestern US agriculture and future food security, and possible strategies 
for adaptation to these climate change scenarios are presented.  
The results of this thesis provide the first experiment on crops that evaluates the 
interaction of two principal characteristics of climate change, the increase of [CO2] and 
temperature, under field conditions. These results build upon theoretical and laboratory studies 
by subjecting the crops of interest to realistic growth conditions while manipulating their growth 
environment.   
Background 
Free Air CO2 Enrichment experiments 
Over the last few decades, a significant body of research has been published on the 
impacts of rising CO2 on soybean physiology, growth, and yields using a variety of fumigation 
techniques (e.g., Ainsworth et al., 2002).  However, the artificial growth environments used by 
most of these studies limit the applicability of these results to field conditions where natural 
interacting conditions exist.  These uncertainties led to the development and subsequent use of 
the Free Air CO2 Enrichment (FACE) technology (e.g., Miglietta et al., 2001), which allows for 
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in-field increases in [CO2] of the air surrounding crop canopies. This technology has been widely 
used for more than two decades in different ecosystems, and is today the best option to study 
plant physiology and plant-environmental interactions under conditions of increased CO2. 
Results obtained from FACE experiments that investigate soybean have shown increases 
in daily integrated carbon uptake (A’) by ca 25% (Rogers et al., 2004; Bernacchi et al., 2006), 
due to the decrease in photorespiration and the acceleration of carboxylation at Rubisco (Long et 
al., 2004; Ainsworth & Rogers, 2007), and despite the photosynthetic acclimation response to 
elevated [CO2] (Bernacchi et al., 2005; Ainsworth & Long, 2005). Elevated CO2 has also been 
shown to stimulate dark respiration (Leakey et al., 2009a; Leakey et al., 2009b), to reduce gs 
(Ainsworth et al., 2002; Rogers et al., 2004; Bernacchi et al., 2006; Bernacchi et al., 2007), to 
improve water use efficiency (Bernacchi et al., 2007) and to delay reproductive development 
(Castro et al., 2009) in soybean. Additionally, the increases in photosynthesis with elevated 
[CO2] have been reflected in higher biomass and yield in soybean (e.g., Morgan et al., 2005), 
similar to other C3 plants (e.g., Long et al., 2006) suggesting a positive impact of rising CO2 on 
C3 crop production. 
Unlike soybean, maize utilizes the C4 photosynthetic pathway, which results in high 
[CO2] in the bundle sheath cells, approximately 2.5 to 8 times the ambient concentration (He & 
Edwards, 1996; Kiirats et al., 2002). The range of [CO2] inside the C4 plants saturates Rubisco 
and reduces photorespiration (Hatch, 1992; He & Edwards, 1996; Kiirats et al., 2002). Because 
C4 photosynthesis is already working under high [CO2] inside the leaf, photosynthesis and yield 
were not stimulated in maize grown under elevated [CO2] at FACE conditions (Leakey et al., 
2004), unless drought-like conditions occurred. Maize productivity can maintain high 
productivity under drought conditions due to the reduction in gs which allows the maintenance of 
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high Ci and water use efficiency (WUE; Leakey et al., 2004; Leakey et al., 2006; Markelz et al., 
2011). However, considering the predicted high temperatures, highly variable precipitation rate, 
prolonged drought periods plus other climatic changes, the future for maize productivity is 
uncertain.     
There have been many studies focusing on plant responses to warmer temperature 
together with elevated [CO2] (e.g., Thomas et al., 2009; Sun et al., 2012), but few have been 
performed on soybean (Boote et al., 2005; Kumagai et al., 2012) or maize (Kim et al.,2007), and 
none of the soybean and maize studies were under field conditions.  Of these two crops, there has 
been only one study on the interactive effects of elevated CO2 plus temperature under field 
conditions for soybean, focusing only on photosynthesis and it used natural variation in 
temperatures to approximate a response (Bernacchi et al., 2006). Photosynthesis was correlated 
with the daily temperature data obtained from control and elevated [CO2] plots from 3-years of 
FACE data and showed a stimulation in A as temperatures rise (Bernacchi et al., 2006). FACE 
experiments have improved the understanding of the physiological responses of plants to a CO2 
enriched atmosphere, but the interactive effects of CO2 with other climate change factors still 
needs further evaluation. For this reason and because of the importance that temperature has in 
many physiological process, this thesis is evaluating the two major global change factors: rising 
CO2 and warming, by using FACE technology and an improved infrared heating array to warm 
the plant canopy. 
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Figures 
 
Figure 1.1. Historical track records for maize yield in bushels per acre (1960 – 2012) in United 
States, indicating years of extreme climate events in red circles. Events: 1970 – Blight; 1974 – 
Wet spring, early frost; 1980, 1983, 1988, 2012 – Drought; 1993 – Flood; 1995, 2002 – Unusual 
climate events. Graphic updated from the United Stated Global Change Research Program 
(USGCRP, 2009). The data used was released in April 12, 2013, by the National Agricultural 
Statistics Service (NASS), Agricultural Statistics Board, United States Department of 
Agriculture (USDA).   
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Figure 1.2. Aerial photo of one heated and non-heated plots at the T-FACE experiment, showing 
their disposition inside the CO2 rings at the SoyFACE facility in Champaign, IL. The triangle 
shows the infrastructure holding the six 4000 watt heaters arranged in a hexagon.  The inset 
photo shows a thermal image of the temperature differences between the heated and the unheated 
surroundings. 
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CHAPTER 2: GLOBAL WARMING CAN NEGATE THE EXPECTED CO2 
STIMULATION IN PHOTOSYNTHESIS AND PRODUCTIVITY FOR SOYBEAN 
GROWN IN THE MIDWEST UNITED STATES
1
 
Introduction 
The global atmospheric concentration of CO2 ([CO2]) is predicted to rise from current 
concentrations of ~400 μmol mol-1 to between 730 and 1020 μmol mol-1 by 2100 (IPCC, 2007; 
Canadell et al., 2007). An increase of [CO2] is expected to stimulate photosynthesis, as has been 
demonstrated experimentally for a wide range of C3 species (e.g., Curtis & Wang, 1998; 
Bernacchi et al., 2003a; Nowak et al., 2004; Long et al., 2004; Ainsworth & Long, 2005; 
Ainsworth & Rogers, 2007). Increasing [CO2] coupled with the continued accumulation of other 
greenhouses gases (GHG) in the atmosphere is predicted to increase the global average 
temperatures between 2.4 to 6.4°C by the end of the century (A1FI scenario; IPCC, 2007). While 
the thermal optimum (Topt) for photosynthesis ranges between 20°C to 35°C for C3 species (Sage 
et al., 2008), plants have considerable capacity to acclimate to long-term temperature increases 
under current [CO2]. Consequently, the combined changes in the atmospheric composition and 
climate are likely to impart significant effects on terrestrial ecosystems because both CO2 and 
temperature are critical determinants of photosynthetic rates (Sage & Kubien, 2007). 
Soybean, grown in rotation with maize, represents the largest land-use in the United 
States combining to cover an estimated area of 70 million hectares (USDA-NASS, 2013). 
Soybean is the fourth most important commodity crop globally with nearly 40% of world 
production coming from the Midwestern US region. As one of the two crops that dominates the 
Midwestern landscape, soybean strongly impacts regional ecosystem services, such as water 
                                                          
1
 Adapted from Ruiz-Vera et al., 2013. Plant Physiology. 
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quality, hydrologic cycling and, as a grain legume, soil nitrogen production. Thus, global 
change-induced alterations in soybean production may have large-scale socioeconomic and 
ecological impacts.  
Effective strategies to adapt agricultural production to global change require improved 
predictions of crop responses to global change scenarios. The Soybean Free Air CO2 Enrichment 
(SoyFACE) research facility was developed to address the molecular, physiological, and growth 
responses of the Midwestern crops soybean and maize to global change through the use of the 
Free Air CO2 Enrichment (FACE) technology (Miglietta et al., 2001). This technology provides 
in-field fumigation of CO2 to simulate future atmospheric conditions while growing crops under 
otherwise natural field conditions using current agronomic practices. Previous results from 
SoyFACE showed that the daily integral of carbon uptake (A’) is increased by ~25% for soybean 
grown under elevated [CO2] (Rogers et al., 2004; Bernacchi et al., 2006).  This occurs despite the 
accompanying photosynthetic acclimation most evident as the reduction in the activity and/or 
content of the primary carboxylating enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) (Bernacchi et al., 2005; Ainsworth & Long, 2005). However, in soybean and other C3 
grain crops, CO2-induced increases in growth and yield are observed to be lower than the 
increase in net photosynthesis (Morgan et al., 2005; Long et al., 2006). In addition to increasing 
carbon uptake (A) of soybean, elevated [CO2] also reduces stomatal conductance (gs) relative to 
plants grown in ambient [CO2] (Ainsworth et al., 2002; Rogers et al., 2004; Bernacchi et al., 
2006; Bernacchi et al., 2007). This reduction in gs can lead to lower canopy water use, improved 
water use efficiency and conservation of soil moisture (Bernacchi et al., 2007; Leakey et al., 
2006). 
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While FACE experiments have improved the understanding of the plant physiological 
responses to a [CO2] enriched atmosphere, the interactive effects of the two major global change 
factors, rising [CO2] and warming have not been investigated by a direct manipulative 
experiment under field conditions for any crop. It has been shown that the stimulatory effect of 
elevated [CO2] on A is enhanced at higher daily temperatures (Bernacchi et al., 2006), in 
agreement with theory (e.g., Long 1991). However, this analysis was based on the natural 
variation in temperature during15 days over three growing seasons thus confounding the 
correlation with other environmental factors and neglecting long-term acclimation effects to 
higher temperature (Long 1991; Sage & Kubien, 2007). Recent multiple regression analyses of 
historical yield data and growing season temperatures indicate that yields of soybean are 
depressed in warmer years (Lobell & Field, 2007; Kucharik & Serbin, 2008), with a steeper 
decline in yield above, compared with the incline below, a critical temperature (Schlenker & 
Roberts, 2009). It is also predicted that a 0.8°C increase in temperature could increase soybean 
yields in the Midwestern US by ~1.7% based on the mean air temperatures of 22.5°C but 
decrease yields for the warmer conditions in the Southern US (Hatfield et al., 2011). The results 
from this review (Hatfield et al., 2011) suggest that the impact of warming on yield of soybean is 
highly dependent on baseline conditions. Because of the empirical nature of these analyses, the 
mechanisms involved in the decline of soybean productivity above the thermal optimum are 
unclear (Ainsworth & Ort, 2010). Accurately projecting the impact of global change on crop 
productivity relies on understanding how rising [CO2] and increasing temperature together 
influence photosynthesis, growth, phenology, and yield of major crop species.  
The objectives of this study were to quantify and understand the biological processes 
involved in photosynthesis, growth and biomass production for soybean under a warmer and 
20 
 
CO2-enriched atmosphere. Specifically, I hypothesized that increasing the growing season 
temperature of a soybean canopy by 3.5°C above the current ambient conditions, an increase 
expected midway through this century for terrestrial areas (Rowlands et al., 2012), will result in 
lower photosynthesis, biomass productivity and yields. This is consistent to what has been 
observed historically for warmer years. I further hypothesized that the combination of elevated 
[CO2] and warmer temperatures will yield higher photosynthesis, biomass accumulation and 
yield relative to the elevated [CO2] treatment alone. Given the high interannual variability in 
climate, these hypotheses were tested over two growing seasons; I hypothesized that the 
responses to elevated [CO2], warmer temperature, and the combined treatment would be 
consistent across growing seasons. 
Materials and Methods 
Site description and experimental design 
This experiment was conducted on soybean [Glycine max (L.) Merr., cv. Pioneer 93B15] 
during the 2009 and 2011 growing seasons, as part of the Temperature by Free Air CO2 
Enrichment (T-FACE) experiment located within the SoyFACE research facility in Champaign, 
IL, USA. The entire SoyFACE research farm consists of a 32 ha (80 acres) field in Illinois (40° 
2' 30.49" N, 88° 13' 58.80 W, 230 m a.s.l.). Characteristics of the site and details of agriculture 
practices can be found in Ainsworth et al. (2004), Rogers et al. (2004), and Bernacchi et al. 
(2006). The experiment consisted of a randomized complete block design with four blocks to 
account for field topographic and soil variation. Each block contained one control and one 
elevated [CO2] plot; each plot had a diameter of 20 m and they were separated from each other 
by 100 m as described previously (details in Miglietta et al., 2001). The target concentration of 
585 μmol mol-1 in 2009 and 590 μmol mol-1 in 2011 for the elevated [CO2] plots was maintained 
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from sunrise to sunset and applied from emergence to harvest. Ambient [CO2] was ~385 μmol 
mol
-1
 in 2009 and ~390 μmol mol-1 in 2011. The T-FACE experimental areas consisted of a 3-m-
diameter reference and heated plots nested within each of the four 20 m diameter control and 
elevated [CO2] plots.  
Each heated plot contained 6 infrared heaters (Salamander Aluminum Extrusion 
Reflector Assembly Housing for Ceramic Infrared Heaters; Mor Electric Heating Association 
Inc., Comstock Park, MI, USA) each fitted with four infrared heating elements (Mor-FTE 
1000W, 240V heaters; Mor Electric Heating Association Inc.). The six heaters were arranged in 
a 3-m-diameter hexagonal pattern with a total heating area of 7.1 m
2
 (Supplementary Figure 2.3). 
The heaters were maintained 1.2 m above the canopy, tilted toward the center of the plot at a 45° 
angle as in Kimball et al. (2008). The heater output was regulated using a custom built industrial 
dimmer system in which two thyristors (dimmers) were controlled using one circuit board, all of 
which were taken from one complete dimmer assembly (Model LCED-2484, 240V, 35A; Kalglo 
Electronics Co., Inc., Bethlehem, PA USA). The dimmer circuit board controlled a range of 
output up to 24,000W of infrared heating power. The actual 0 to 240V AC output was scaled 
from a 0-10 V DC input signal to the dimmer. Each heated plot was controlled using a datalogger 
(CR1000 Micrologger; Campbell Scientific, Inc., Logan, UT USA). The datalogger used a 
proportional-integrative-derivative (PID) feedback control system, similar to the ones used in 
Kimball (2005), to maintain a ~3.5°C increase over the ambient temperature 24h/day throughout 
the growing seasons (Supplementary Figure 2.4). The reference and heated canopy temperatures 
were measured using infrared radiometers (SI-121; Apogee Instruments, Inc., Logan, UT, USA) 
wired into the datalogger equipped with a voltage output module (SDM-CV04; Campbell 
Scientific Inc.). Based on the canopy temperature difference between the heated vs. reference 
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plots the voltage output module supplied the 0-10V signal to the dimmer to maintain the target 
temperature rise of heated plots above the reference plots. The full experiment consisted of four 
treatments: control (ambient [CO2] & ambient temperature), elevated temperature (ambient 
[CO2] & +3.5°C in temperature, eT), elevated [CO2] (585 μmol mol
-1 
[CO2] & ambient 
temperature, eC), and elevated temperature plus elevated [CO2] (585 μmol mol
-1
 [CO2] & +3.5°C 
in temperature, eT+eC). 
Meteorological and micrometeorological data 
Temperature, humidity and solar radiation for the research site were obtained from a 
meteorological station associated with the Surface Radiation Network (SURFRAD, 40.05N, 
88.37W, http://www.srrb.noaa.gov/surfrad/index.html), processed as described in Vanloocke et 
al. (2010). Precipitation was obtained from the Willard airport station (40.04N, 88.27W, 
http://cdo.ncdc.noaa.gov/qclcd/QCLCD). A record for 30-year mean temperature and 
precipitation for Zone 5 of the Illinois climate divisions (which correspond to Champaign) was 
obtained from the Midwestern Regional Climate Center (MRCC, http://mrcc.isws.illinois.edu/).  
Gas exchange measurements and midday sampling 
Diurnal measurements of instantaneous A and other physiological data, such as Ci and gs 
were collected using portable open gas-exchange systems with incorporated infrared CO2 and 
water vapor analyzer (Li-Cor 6400; Li-Cor, Inc., Lincoln, NE, USA) coupled with an integrated 
chlorophyll fluorometer (LI-6400-40 leaf chamber fluorometer; Li-Cor, Inc.). The infrared CO2 
and water vapor analyzers were zeroed and the gas exchange systems were calibrated as 
described in Bernacchi et al. (2006).  
Gas exchange sampling occurred every two weeks throughout both growing seasons 
starting with the V3 vegetative developmental stage (i.e., following the emergence of the 3
rd
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trifoliate) and ending with the ~R6 developmental stage (full seed) based on the development 
classifications of Ritchie et al. (1993).  There were a total of seven measurement days in 2009 
and six in 2011 (Supplementary Table 2.1). The measurements were taken at 2-hour intervals 
between 9 am to 5 pm, on 3 plants per plot from the youngest fully expanded leaves. Four 
research teams each using matched instrumentation conducted measurements at each time point 
of the diurnal in different blocks to sample all sixteen plots within 45 min. The order of sampling 
for each team was randomized among blocks.  At the beginning of each time point measurement, 
Photosynthetic Photon Flux Density (PPFD; LI-190; LI-COR, Inc.) and air temperature (HMP-
45C; Campbell Scientific, Inc., mounted in aspirated temperature shield model 076B; Met One 
Instruments, Grants Pall, OR USA) were recorded from sensors located at SoyFACE. The block 
temperature of the gas exchange systems were set according to ambient air temperature and 
adjusted to higher temperatures (ambient + 3.5 °C) for the heated plots. The sample RH were 
between ~50-70%. The [CO2] in the gas exchange system reference chamber was set to 
concentrations that corresponded to the control (400 μmol mol-1) or elevated (600 μmol mol-1) 
[CO2] plots. These concentrations, while above the mean concentrations in each plot, allowed for 
the leaf to draw CO2 down in the sample chambers to closely match plot means and accounted 
for the difference in the control and elevated [CO2] for 2009 compared to 2011. The values of A, 
gs and Ci were calculated using the integrated software in the gas exchange system according to 
von Caemmerer & Farquhar (1981). The daily integrated carbon uptake (A’) was calculated from 
instantaneous A as described in Leakey et al. (2004).  
Values for maximum carboxylation capacity (Vcmax), maximum linear electron transport 
through photosystem II (Jmax) and respiration in the light (Rd) at 25°C were obtained from A vs. 
Ci curves measured within 1-2 days of each diurnal for both growing seasons (Rosenthal et al., 
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submitted). These parameters were used to model A using the leaf photosynthesis model 
(Farquhar et al., 1980) to determine which processes, Rubisco or RuBP regeneration, was 
limiting photosynthesis at each time point for all treatments. The model was corrected for 
measured leaf temperature using the temperature functions provided previously (Bernacchi et al. 
2001, 2003b).  
Percent stimulation of A’ per plot for each day was calculated with the plot mean values 
for eT vs. Control and for eT+eC vs. eC. The percent stimulation was plotted as a function of the 
daily maximum temperatures for the heated plot.  The values used were from 4 measurement 
days in 2009 (DOY 197, 210, 224, 238) and 2011 (DOY 200, 214, 228, 242), selected according 
to similarities in the vapor pressure deficit and solar radiation and adequate canopy cover to 
prevent the influence of soil in the measurements of canopy temperature (LAI > 2). The intrinsic 
water use efficiency (iWUE) was calculated with A divided by gs. 
Samples to determine leaf water potential (WP) were collected during the midday time 
point on each measurement day with five subsamples taken per plot. Three leaf tissue discs of 
1.2 cm diameter were excised per plant and sealed in psychrometer chambers (C-30; Wescor, 
Inc., Logan, UT USA). The chambers were equilibrated in a controlled environmental growth 
chamber at 25°C as described previously (Leakey et al., 2006). After thermal equilibration, WP 
was measured using a dew point micro-voltmeter (HR-33T; Wescor) integrated into the 
psychrometers. Upon measuring WP, the chambers were submerged into liquid nitrogen and the 
potentials were recorded on the lysed plant tissue to determine osmotic potential (OP). The 
turgor potential (TP) was calculated as WP–OP. A calibration standard was obtained 
independently each year using sucrose solutions ranging in concentration from 0 to 1.60 M. 
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Above-ground biomass and yield measurements 
Above-ground biomass (AGB) was obtained at the end of each growing season after full 
maturity (growth stage R8) was reached (DOY 267 in 2009 and DOY 298 in 2011). Five 1.5 m 
rows of soybeans per plot in 2009 and two 1.0 m rows per plot in 2011 were harvested by hand. 
At harvest, plants had few attached leaves, so AGB included only pods and stems.  These 
biomass components are typically used for determining harvest index.  Each component was 
dried to constant weight (~7 days) at 65°C and weighed. The pod tissues were then run through a 
thresher to isolate the seeds, and the seeds were weighted to obtain seed yield (SY). The harvest 
index (HI) was calculated by dividing SY by AGB.  
Statistical analysis 
Photosynthesis, water potential, and iWUE were analyzed using a complete block 
repeated measures mixed model analysis of variance (ANOVA) using the PROC MIXED 
command with the Kenward-Roger method in SAS System 9.3 (SAS Institute, Cary, NC USA). 
The fixed effects for the seasonal analysis were: day of the year (DOY), [CO2], temperature, 
temperature by [CO2] interaction and DOY with the interaction of the other fixed effects. 
Statistical tests of within day differences among the treatments were analyzed separately for each 
day using time of day, rather than DOY, as the repeated factor in the analysis. The above-ground 
biomass, yield data and HI were analyzed similarly to the previous variables but the analysis was 
not for repeated measurements and there was not the fixed effect DOY. The differences of least 
square means from t-tests were used to compare individual treatment means, this option is 
integrated into the SAS System 9.3. To lower the possibility of a Type II error, the statistical 
significance was evaluated at alpha ≤ 0.1. 
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Results 
Meteorological conditions contrasted between the 2009 and 2011 growing seasons 
The mean temperatures for July, August and September were lower in 2009 and higher in 
2011 when compared to the 30-year mean (Table 2.1). The largest departure from normal in 
2009 was observed in July with temperatures approximately 2.9°C below average. In 2011, July 
had the highest departure with mean temperatures of 2.8°C above average. In both years, April 
and May experienced higher than average precipitation ensuring that both growing seasons 
began with soil moisture near field capacity. The entire 2009 growing season experienced near-
average precipitation, whereas in 2011 there were significant shortfalls of 60% in July and 47% 
in August compared to the 30-year means for those months (Table 2.1). Growth stages 
(Supplementary Table 2.1) and specific meteorological conditions (Figure 2.1; Supplementary 
Table 2.2) associated with each measurement day varied within and between growing seasons. 
Photosynthesis and stomatal conductance varied among CO2, temperature, and combined 
treatments 
Measurements of A were collected throughout the daylight hours on seven (2009) and six 
(2011) days throughout each growing season.  The measurements were taken in conditions set to 
mimic the field conditions at the specific time (Supplementary Figures 2.1 and 2.2). Diurnal 
measurements showed variable responses of the key gas exchange parameters A, gs, Ci, and 
iWUE over the course of the two growing seasons (Supplementary Tables 2.3 and 2.4). Relative 
to the control, the eC plots yielded higher A, the eT plots lower A and the eT+eC plots higher A 
over most of the time points (Supplementary Figures 2.1 and 2.2).   
The diurnal measurements of A were integrated across the daylight hours to obtain the 
daily integral of photosynthesis (A’).  Overall, the effect on A’ of eT and of eC relative to the 
27 
 
control plots were consistent across both growing seasons, although the increase in eC and the 
decrease in eT was greater in 2011 (Figure 2.2).  In 2009 there was a statistically significant 
Temperature by CO2 interaction.  This interaction is explained by a lack of statistical difference 
between the control and eT plot while the eT+eC plot had much higher A’ relative to the control 
(Tables 2.2 and 2.3).  In 2009 both eC and eT+eC treatments had significantly higher A’ than the 
ambient [CO2] treatments (i.e., control and eT; Figure 2.2; Table 2.2), although eC and eC+eT 
were not detectably different from each other (Table 2.3). The responses of A’ among the 
treatments in 2009 did not result in statistically significant interactions of main effects with DOY 
(Table 2.2; Supplementary Table 2.3). 
In contrast to 2009, in 2011 there were no statistically significant interactive effects of 
temperature and [CO2] on A’ suggesting that the main effects alone were responsible for the 
observed differences. Elevated [CO2] increased A’ within a temperature treatment (eC vs. control 
and eT+eC vs. eT) and elevated temperature decreased A’ within a CO2 treatment (eT vs. control 
and eT+eC vs. eC; Tables 2.2 and 2.3; Figure 2.2).  The CO2 effect, based on percentage change, 
was greater than the temperature effect, thus the combined influence of increasing temperature 
and rising [CO2] stimulated A’ in the eC+eT treatment relative to the control, but the increase 
was lower than the eC vs. control comparison (Table 2.3, Figure 2.2).  This response was 
different from the pattern observed in 2009 where A’ in eT+eC showed the highest value 
although significantly different from eC. The effect of temperature varied by DOY in 2011 when 
temperature did not have significant effects on A’ on two measurement dates (DOY 186 and 251; 
Figure 2.2; Supplementary Table 2.4).  
Over both years, elevated [CO2] and warming reduced gs when treatments were applied 
independently and in combination (Figure 2.2; Table 2.2), with the eT+eC treatment showing the 
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lowest gs overall for both years (Table 2.3; Figure 2.2). The influence of CO2 relative to 
temperature, however, appears to change from 2009 to 2011.  In 2009, elevated [CO2] has a 
greater impact on gs compared with temperature whereas in 2011 temperature has a bigger 
impact on gs than [CO2] (Figure 2.2).  The impact of elevated temperature and/or [CO2] on gs 
varied based on DOY for both years (Table 2.2; Supplementary Tables 2.3 and 2.4). The [CO2] 
treatment differences were statistically significant on all but one day for each of the years. The 
temperature-induced reduction in gs was statistically significant on four of the seven 
measurement days for 2009 and on all measurement days in 2011 (Figure 2.2; Table 2.3; 
Supplementary Tables 2.3 and 2.4). 
Over both growing seasons, elevated temperatures reduced and elevated [CO2] increased 
Ci relative to the controls (Tables 2.2 and 2.3; Figure 2.2).  While the pattern of responses were 
similar over both growing seasons, the influence of temperature in 2011 was much greater than 
that observed in 2009.  Despite a significant temperature by CO2 interaction in 2011, the increase 
in Ci for the eC treatment and the decrease in Ci for the eT treatment appeared to have an 
additive effect on the eT+eC treatment for both years.   
The percent change in A’ within a [CO2] level (eT vs. Control and eT+eC vs. eC) was 
plotted as a function of daily maximum canopy temperature based on the temperatures measured 
in the heated plots (Figure 2.3). The percent change in A’ between the eT+eC and eC treatments 
increased with temperature in 2009 and decreased with temperature in 2011 (Figure 2.3). The 
decline in A’ for eT+eC relative to eC in 2011 was rapid, and stabilized at daily maximum 
temperatures above 34°C. The eT treatment decreased A’ slightly relative to control in 2009 and 
remained about 20% lower for all daily temperatures in 2011 (Figure 2.3). 
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The relationship of instantaneous A to gs increased to an asymptote for all treatments 
(Figure 2.4). While it was difficult to discern differences within a [CO2] treatment (eT vs. 
Control and eT+eC vs. eC), it was clear that for a given gs the elevated [CO2] treatments had 
much higher A. Averaging A and gs within each measurement day for both years to calculate the 
daily mean and seasonal mean intrinsic water use efficiency (iWUE; A/gs) indicated significant 
differences among the treatments (Table 2.2). For both years, there were statistically significant 
increases in iWUE associated with elevated temperature and with [CO2] treatment (Table 2.3; 
Figure 2.4). While the responses of iWUE were similar for both growing seasons, the CO2 effect 
was greater in 2009 than in 2011 and the temperature effect was greater in 2011 than in 2009 
(Table 2.3; Figure 2.4).  For both years it appears that the influence of the two main effects was 
additive (Table 2.3; Figure 2.4). 
Elevated temperature slightly reduced leaf water potential and increased leaf-to-air VPD 
Leaf water potential estimated using thermocouple psychrometry was determined on leaf 
tissue collected at midday of each measurement date. Temperature, regardless of the [CO2], had 
a small but significant effect on total water potential (WP) and turgor pressure (TP) in both years 
(Figure 2.5; Table 2.2). Elevated temperature decreased growing season mean WP by 7% in 
2009 and by 16% in 2011 (Table 2.3). While no statistically significant results were observed 
with osmotic potential (OP) for either year; the temperature main effect decreased TP by 17% in 
2009 and 16% in 2011. The seasonal and daily mean values of WP, OP, and TP in 2011 were 
nearly half the values obtained in 2009 (Figure 2.5). 
The seasonal mean leaf-to-air vapor pressure deficit (VPD) obtained from the gas 
exchange system during the in situ measurements showed higher values in the warmer (1.58 ± 
0.022 kPa for eT, 1.77 ± 0.023 kPa for eT+eC) relative to the reference (1.27 ± 0.018 kPa for 
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control, 1.49 ± 0.020 kPa for eC) temperature plots in 2009. The relative responses in 2011 were 
similar to 2009 with the heated plots showing higher VPD (1.93 ± 0.030 kPa for eT, 2.09 ± 0.033 
kPa for eT+eC) relative to the reference (1.51 ± 0.025 kPa for control, 1.68 ± 0.026 kPa for eC) 
temperature plots.  These values gave percentages deviations from control of 24.7% for eT, 
17.6% for eC and 39.6% for eT+eC in 2009; and 28.1% for eT, 11.4% for eC and 38.4% in 2011. 
Elevated CO2 increased biomass and yields but the impact of temperature varied with growing 
season 
Both growing seasons resulted in statistically significant CO2 by temperature interactions 
for above-ground biomass (AGB) indicating that a synergistic effect occurred between these two 
global changes.  The treatment responses, however, were not consistent over both growing 
seasons.  In 2009 the only two differences among the treatment were between the eT+eC 
comparison with the control plot and the eT+eC comparison with the eT plot (Tables 2.2 and 2.3; 
Figure 2.6).  In 2011 AGB in the eC plots were higher than the control and the eT+eC plots 
(Tables 2.2 and 2.3; Figure 2.6).   
The general responses of seed yield (SY) for both growing seasons were relatively 
similar to the observations of AGB, however, in 2009 the only statistically significant differences 
occurred between the eT+eC and the eT treatment, with the eT treatment showing the lowest and 
the eT+eC treatment the highest SY (Tables 2.2 and 2.3; Figure 2.6).  The impact of temperature 
had a strong negative impact on yields in 2011 with the eT and the eT+eC plots having lower SY 
compared with the both the control and the eC plots (Tables 2.2 and 2.3; Figure 2.6).   
All treatments appeared to decrease the harvest index (HI) in both years (Figure 2.6) 
however in 2011 the only statistically significant differences were between the eC+eT and the 
control (Table 2.2).  Overall, the HI in 2011 was much lower relative to 2009 and the response of 
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HI to the various treatments was amplified.  In 2011 neither eT nor eC differed from the control 
plots but the eC+eT treatment differed from the control, eT, and eC plots (Table 2.2).  The 
differences between the treatments and the control in 2011 were greater than in 2009, however 
there was also much greater variance in the measurements (Figure 2.6). 
Discussion 
This experiment was designed to test the hypotheses that (1) increasing soybean canopy 
temperature above ambient will result in lower photosynthesis, biomass productivity and yields, 
an effect that is historically characteristic of warmer years; and (2) that concomitant increases in 
[CO2] and temperature will result in higher photosynthesis, biomass production and yields 
compared to elevated [CO2] alone. The results only partially support the first hypothesis. 
Significant differences between the control and eT treatment were observed only for 
photosynthesis (Figure 2.2) and SY (Figure 2.6) in 2011, the warmer of the two growing seasons.  
The results also indicate that the second hypothesis is not supported. In 2009, the eT+eC 
treatment yielded significantly greater A on only two sampling days relative to the eC treatment 
and in 2011 the eT+eC treatment yielded significantly lower photosynthesis than the eC 
treatment. Moreover, in 2011 the response of photosynthesis for the eT+eC treatment, which was 
slightly higher than the control plots, did not translate to increases in SY, rather the eT+eC plot 
had lower SY than any other treatment.  The combined eT+eC treatment yielded higher 
photosynthetic rates in both years compared with the eT treatment, suggesting that eC is able to 
at least partially mitigate the negative effects of eT, but this response did not lead to higher SY 
for the eT+eC plot compared with the eT plot in 2011.  In 2011 the eT plots, with (eT+eC) or 
without (eT) elevated [CO2] yielded lower SY relative to the control.   
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The influence of rising [CO2] on photosynthesis, growth and yield has been well 
documented for soybean (Rogers et al., 2004; Bernacchi et al., 2006) as well as for other species 
(Bernacchi et al., 2003a; Nowak et al., 2004; Long et al., 2004; Ainsworth & Long, 2005; 
Ainsworth & Rogers, 2007). Consistent with previous research on soybean grown at SoyFACE 
(e.g., Leakey et al., 2009), significant increases in photosynthesis in elevated [CO2] were 
observed in both years (Tables 2.2 and 2.3).  The 2009 growing season was the only time out of 
ten growing seasons at SoyFACE in which increases in SY with elevated [CO2] were absent. 
One of the key benefits of an increase in photosynthesis under elevated [CO2] is the reduction of 
photorespiration (Long, 1991; Long et al., 2004; Ainsworth & Rogers, 2007). The smaller than 
predicted response in 2009 could be attributed to cooler temperatures where the inhibition of 
photosynthesis due to photorespiration was low (Jiao & Grodzinski, 1996). This, coupled with a 
large decrease in gs (Figure 2.2) under elevated [CO2] could have contributed to the muted yield 
response in 2009. The 2011 growing season was warmer than typical, thus the ability to suppress 
photorespiration at high [CO2] likely conferred a greater benefit under these conditions. The 
2011 growing season showed higher biomass and yields for the elevated [CO2] grown plants as 
observed for most growing seasons at SoyFACE. 
The heated plots showed consistently reduced photosynthetic carbon uptake for both 
growing seasons relative to the control. It was clear that the increase in temperature had a greater 
effect on reducing photosynthesis in 2011 than in 2009, likely driven by the much warmer 
background temperatures in 2011. This is observed in the seasonal percent deviation of A’ for eT 
vs. Control, which shows a slight decrease in 2009 and a much larger decrease in 2011 (Table 
2.3). This is also seen in the percent deviation of A’ versus daily maximum temperature for eT 
vs. Control (Figure 2.3). In 2009 as temperature in the heated plots increased, the percent 
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difference of A’ between the eT+eC vs. eC plots continued to increase. Contrary to this, the 
differences between the eT vs. control plots declined, indicating greater heat-induced 
suppression of A’ with temperature.  In 2011 A’ was consistently lower in the eT treatment 
relative to the control by ~20% regardless of daily maximum temperature whereas the 
stimulation associated with the eT+eC plot dropped as temperatures rose (Figure 2.3). These 
results suggest that in 2009 photosynthesis in the non-heated plots were below the thermal 
optimum driving photosynthesis higher as heat was applied whereas in 2011 photosynthesis for 
the non-heated plots was operating above the thermal optimum such that any further increases in 
temperatures drove photosynthesis down.   
The potential importance of the interaction of elevated [CO2] and increased temperature 
on photosynthesis is well described using mechanistic theory (e.g., Long 1991; Sage & Kubien 
2007) and demonstrated using correlative data collected over many days over different growing 
seasons (e.g., Bernacchi et al., 2006). The results presented here show that under field 
conditions, the importance of the elevated [CO2] and temperature effect on photosynthesis, 
growth and yield is dependent on the extent of heating, on whether the temperature was above or 
below optimum at any particular time, and on the interaction with other environmental factors.  
Of particular importance is the role of changes associated with the underlying biochemistry of 
photosynthesis.  Elevated [CO2] is shown to down-regulate the maximum velocity for 
carboxylation (Vc,max) for soybean grown in elevated [CO2], however this acclimation had little 
impact on photosynthetic rates as soybean is not Vc,max limited in elevated [CO2] (Bernacchi et 
al., 2005). Acclimation has been shown to occur in response to higher growth temperature for 
Vcmax and maximum rate of electron transport (Jmax; June et al., 2004; Onoda et al., 2005; Kattge 
and Knorr, 2007).  Over the same growing seasons and coupled with the measurements presented 
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here, in depth analysis of Vc,max and Jmax for soybean at SoyFACE (Rosenthal et al., submitted) 
shows elevated [CO2]-induced down-regulation of Vc,max consistent with previous reports on 
soybean but not for Jmax.  The elevated temperature plots show declines in Jmax, regardless of 
whether [CO2] is increased (Rosenthal et al., submitted).   
To determine whether photosynthesis was predominately Rubisco- or RuBP-regeneration 
limited over each diurnal for all treatments I coupled the results from Rosenthal et al. (submitted) 
for Vc,max and Jmax with the leaf photosynthesis model (Farquhar et al., 1980) corrected for 
temperature (Bernacchi et al., 2001; 2003b).  Using this modeled data, I determined whether 
photosynthesis is Rubisco- or RuBP regeneration-limited for all data points collected over the 
two growing seasons.  This analysis showed that over 85% of all data points were RuBP-limited 
(Supplemental Figures 2.1 and 2.2).  Because Rubisco-limited photosynthesis was rare, any 
down-regulation in Vc,max is likely to not influence A. Given its importance for RuBP 
regeneration limited A, the down-regulation of Jmax is likely to drive down productivity. 
The responses of photosynthesis to elevated [CO2] and warmer temperature over these 
two growing seasons are not likely driven exclusively by the temperature and CO2 sensitivity of 
Rubisco kinetics and RuBP regeneration (e.g., Rosenthal et al., submitted). Previous research at 
SoyFACE showed that elevated [CO2] resulted in ~16% mean reduction in gs (Bernacchi et al., 
2006), which is substantially less than the reduction observed here (Table 2.3). Thus, the 
pronounced reduction of gs under elevated [CO2] and/or temperature over both years is likely to 
influence the deviation of the observations from theoretical responses. Over two sampling dates 
in 2009 (DOY 183 and 238) the differences in gs were minimal for the eT+eC vs. eC treatments 
(Figure 2.2). The combined increase in [CO2] and temperature for these two days yielded much 
higher A’, consistent with the theory presented previously (e.g., Long, 1991). All other 
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measurements days during 2009 yielded gs values that were lower in the eT+eC relative to the eC 
treatment and did not show differences in A’ between these treatments.  The temperature-induced 
reduction in gs led to lower Ci within a CO2 treatment (Figure 2.2).  The effect of temperature 
resulted in a much greater decrease for Ci in 2011 than in 2009.  In 2011, Ci in the eT+eC 
treatment was only ca 20% higher than the control despite atmospheric CO2 being ca 50% 
higher. 
Despite the reductions in gs, the eT, eC and eT+eC treatments showed a higher iWUE 
(Figure 2.4; Table 2.3). This increase in iWUE is predicted for plants grown in elevated [CO2] as 
stomatal limitation to photosynthesis is consistently shown to be lower despite a decrease in gs 
(e.g., Bernacchi et al., 2005; Rosenthal et al., submitted). The elevated-temperature-grown plants 
also showed an increase in iWUE across both growing seasons relative to the control. The 
increase in iWUE for the heated treatments within a [CO2] (eT vs. control and eT+eC vs. eC) 
was less than that measured within a temperature treatment (eC vs. control and eT+eC vs. eC). 
The increase associated with the eT treatment relative to the control occurred as a result of the 
decrease in gs being proportionately greater than the decrease in A’ (Table 2.3). This indicates 
that while all treatments experienced a higher iWUE, the mechanisms behind these responses 
varied among treatments.  
A characteristic of an experiment that heats the canopy instead of the air will lead to an 
increase in VPD at the leaf surface, which likely leads to an increase in water use (Kimball, 
2005; Kimball, 2011; De Boeck et al., 2012).  Averaged across time points in which gas 
exchange measurements were collected, the effect of heating increased the leaf to air vapor 
pressure deficit by 0.3 kPa in 2009 and 0.4 kPa in 2011 within a CO2 treatment (eT vs. control 
and eT+eC vs. eC).  Both growing seasons experienced significant precipitation during spring, 
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and 2009 had ample precipitation throughout the season (Table 2.1). Leaf water potential data for 
both years showed the same responses to temperature, with a general response of temperature, 
within a CO2 treatment showing more negative WP relative to the non-heated reference plots 
(Figure 2.5; Table 2.2). The differences in WP, OP and TP in 2011 compared to 2009 indicate 
that the variability in climate between the two growing seasons had a dominant influence on leaf 
water potential relative to the treatment imposed by the infrared heating arrays.  Moreover, the 
pairwise comparison analysis showed no statistical differences among treatments for the WP and 
TP variables in either year, suggesting that the photosynthetic and productivity values obtained 
for 2011 are representative for the environmental conditions tested and not artificially altered by 
the experiment.  Thus, it is not likely that the additional water use in the heated plots had a 
substantial effect on growth and physiology during 2009. 
With the exception of the eC+eT treatment relative to the control in 2011, the responses 
observed for A’ were similar in responses to those observed for AGB.  It is interesting, however, 
that the response of SY to the various treatments did not follow the responses of A’ and of AGB.  
In 2009 the AGB was significantly higher in the eT+eC treatments relative to the control but the 
SY for this treatment did not differ statistically from the control.  The statistically significant 
increase in SY for the eT+eC relative to the eT treatment was the only statistically significant 
difference in SY in 2009.  This suggests that, in this year, the increase in [CO2] offset the losses 
typically associated with an increase in temperature.  In 2011, there were no differences in SY 
between the eT+eC and the eT treatments which implies that the benefit of both factors together 
are not universal. In 2011, increases occurred for both AGB and SY in the eC treatment relative 
to the control but the loss in SY was amplified in relation to the loss in AGB for both heated 
treatments (Table 2.3).   
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Within a growing season, increasing temperature appears to reduce yields (Table 2.3, 
Figure 2.6), despite the 13.5% decrease in 2009 not being statistically different from the control 
(p<0.15).  Recent multiple regression analyses of historical yield data and growing season 
temperatures indicate a negative relationship, meaning that yields of soybean are depressed in 
warmer years (Lobell & Field 2007; Kucharik & Serbin 2008) a phenomena that is consistent 
with the findings obtained in this experiment. A separate analysis, however, suggests that 
increases in yields with rising temperatures are likely to occur in cooler areas (e.g., Midwestern 
US) while decreases in yields with temperature are to occur in traditionally warmer areas (e.g., 
southern US; Hatfield et al., 2011). This data indicates that additional heating did not confer an 
advantage to SY, even in a year when background temperatures were much cooler than the long-
term mean (2009).  A problem with historical trends is that they neglect other confounding 
factors that cannot be controlled for, such as an interaction with an increase in [CO2]. When the 
interaction between rising [CO2] and temperature was considered (e.g., Figure 2.6), it was clear 
that the yield responses were not consistent with the observed photosynthetic responses and that 
they varied based on growing season conditions. The results from the 2009 growing season 
suggest that the increased [CO2] completely negated the detriment of increased temperature on 
yield.  The 2011 growing season showed that the addition of [CO2] with higher temperatures did 
nothing to mitigate the influence of higher temperature. As the conditions associated with 2011 
growing season are predicted to become more common (Hayhoe et al., 2010), these results 
suggest that the assumptions, based on theory that rising [CO2] and increasing temperature could 
synergistically increase yields, needs to be reassessed. 
All treatments in 2009 and the elevated temperature treatment in 2011 resulted in 
decreases in harvest index compared to control.  The decline in HI for elevated [CO2] grown 
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soybean are consistent with a number of previous studies on soybean (Amthor et al., 1994; 
Heagle et al., 1998; Ziska & Bunce, 2000; Morgan et al., 2005).  Similarly, the influence of 
increasing temperatures drive harvest indices for soybean down, with a decrease in seed size 
being a major factor for this response (Boote et al., 2005).  All treatments in 2009 had a smaller 
percentage decrease on HI compared to the control in 2009 than in 2011 (Figure 2.6).  This is 
consistent with previous reports for soybean that show an accelerated decline in HI as 
temperatures increase (Boote et al., 2005).  While higher temperatures were not directly imposed 
upon the eC treatments in 2011, the CO2-induced closure of gs warmed canopies above the 
temperatures in the control plots, as reported in previous years (Bernacchi et al., 2007).  The 
measured canopy temperature data used in the heating control system (Supplementary Figure 
2.4) indicates that season-mean increases in CO2 resulted in ca 1°C warmer canopy temperatures 
during midday hours.  This CO2-induced warming, which was apparent in 2011 but not in 2009, 
could potentially contribute to the larger decline in HI for the elevated [CO2] treatment relative 
to the control.  There were marked differences in biomass components, leaf physiology, and 
water potential between the 2009 and 2011 growing seasons.  The factors that can influence each 
of these processes are complex and subjected to a significant number of environmental factors. A 
full understanding of the drivers behind differences between these two growing seasons would 
need to account for these factors and require analyses that extend beyond the measurements in 
this paper.   
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Tables and Figures 
 
Temperature 
(°C) 
Apr May Jun Jul Aug Sep 
6-month 
mean 
Annual 
mean 
30-year mean 10.3 16.4 21.6 23.5 22.3 18.5 17.8 10.4 
2009 9.7 16.4 22.0 20.6 20.8 18.1 16.7 9.9 
2011 10.6 16.3 22.3 26.3 23.1 17.0 18.2 11.0 
         Precipitation 
(mm) 
Apr May Jun Jul Aug Sep 
6 month 
mean 
Annual 
mean 
30-year mean 92.0 106.9 98.4 113.2 99.4 68.9 578.9 968.7 
2009 151.9 135.9 107.2 105.7 114.1 27.9 642.6 1184.4 
2011 176.0 140.7 101.4 44.5 52.8 94.5 609.9 987.3 
 
Table 2.1. Annual, 6 months (from April to September) and monthly mean temperature and 
precipitation for a period of 30 years and for 2009 and 2011. 
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Main effects 
 
CO₂ Temp Temp×CO₂ DOY DOY×CO₂ DOY×Temp 
DOY×Temp× 
CO₂ 
2009 
A' <0.02 ns <0.07 <0.001 ns ns ns 
gs <0.001 <0.001 <0.01 <0.001 <0.001 <0.001 <0.09 
Ci <0.001 <0.001 ns <0.001 <0.04 <0.001 ns 
WP ns <0.05 ns <0.001 ns ns ns 
OP ns ns ns <0.001 ns ns ns 
TP ns <0.01 ns <0.001 ns ns ns 
iWUE <0.001 <0.001 ns <0.001 <0.03 <0.001 ns 
AGB <0.02 ns <0.09 ― ― ― ― 
SY ns ns <0.09 ― ― ― ― 
HI <0.02 <0.05 ns ― ― ― ― 
2011 
A' <0.001 <0.001 ns <0.001 <0.06 <0.01 ns 
gs <0.02 <0.001 ns <0.001 <0.02 <0.001 ns 
Ci <0.001 <0.001 <0.06 <0.001 <0.02 <0.05 <0.09 
WP ns <0.002 ns <0.001 <0.005 ns ns 
OP ns ns ns <0.001 ns ns ns 
TP ns <0.06 ns <0.001 <0.06 ns ns 
iWUE <0.001 <0.001 <0.07 <0.001 <0.02 <0.06 <0.07 
AGB <0.09 <0.01 <0.1 ― ― ― ― 
SY ns <0.001 <0.02 ― ― ― ― 
HI ns <0.04 ns ― ― ― ― 
Table 2.2. Seasonal complete block ANOVA (with or without repeated-measures) for the daily integral of carbon uptake (A’), 
stomatal conductance (gs), intercellular [CO2] (Ci), water potential (WP), osmotic potential (OP), turgor pressure (TP), intrinsic water 
use efficiency (iWUE), above-ground biomass (AGB), seed yield (SY),  and harvest index (HI) for soybean grown in a CO2 × 
temperature interaction. The main effects are [CO2], temperature, and DOY. The statistically significant differences (p<0.1) and 
nonstatistical significance (ns) are shown. Main effects not applied are indicated with dashes.   
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% Deviation in main 
effects  
% Deviation 
 
CO₂ Temp 
 
eC vs. 
Control 
eT vs. 
Control 
eT+eC 
vs. 
Control 
eT+eC 
vs. eT 
eT+eC 
vs. eC 
2009 
 
A' 14.3 * -0.9 
 
9.7 * -5.2 13.0 * 19.2 * 3.0 
gs -31.8 * -21.5 *  
-34.6 * -24.4 * -45.8 * -28.2 * -17.1 * 
Ci 41.8 * -5.4 *  
43.0 * -4.5 * 34.3 * 40.6 * -6.1 * 
WP 2.0 -6.7 * 
 
1.9 -6.9 -4.6 2.1 -6.6 
OP -4.3 -0.7 
 
-4.8 -1.2 -5.0 -3.7 -0.2 
TP 8.0 -17.3 * 
 
16.2 * -10.0 -11.1 -1.2 -23.5 * 
iWUE 84.4 * 16.8 * 
 
84.6 * 17.0 * 115.5 * 84.2 * 16.7 * 
AGB 19.7 * 1.8 
 
7.3 -9.7 20.6 * 33.5 * 12.5 
SY 11.7 -1.6 
 
-1.5 -13.9 9.3 27.0 * 11.0 
HI -6.8* -3.2 * 
 
-8.1 * -4.7 * -9.7 * -5.3 * -1.7 
2011 
 
A' 24.6 * -12.4 * 
 
21.8 * -14.8 * 9.1 * 28.0 * -10.4 * 
gs -25.6 * -37.5 *  
-25.9 * -37.7 * -53.4 * -25.1 * -37.1 * 
Ci 44.0 * -16.6 *  
45.0 * -15.9 * 20.2 * 42.9 * -17.2 * 
WP 3.9 -16.0 * 
 
5.2 -14.6 * -11.4 2.9 -17.4 * 
OP 0.4 -3.0 
 
-0.3 -3.7 -2.6 1.0 -2.3 
TP -2.1 -15.8 * 
 
3.8 -10.4 -18.2 -8.7 -21.1 * 
iWUE 63.8 * 37.9 * 
 
66.1 * 39.9 * 126.9 * 62.2 * 36.6 * 
AGB 26.0 * -24.0 * 
 
38.2 * -14.5 -4.4 11.8 -30.9 * 
SY 4.4 -33.5 * 
 
20.5 -20.4 * -32.9 * -15.8 -44.3 * 
HI -18.0 -12.4 * 
 
-13.0 -7.2 -28.9 * -23.4 * -18.3 * 
Table 2.3. Percentage deviations from control and between treatments for the variables defined in Table 2.2. Negative values indicate 
reductions, while positive values indicate increases in the rate of parameters. Statistically significant differences of the pairwise 
comparisons are indicated with asterisks. 
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Figure 2.1. Meteorological conditions measured during the 2009 and 2011 growing seasons. The 
top panels show the daily total solar radiation (black circles) and the daily precipitation (grey 
bars) for the 2009 (A) and 2011 (B) growing seasons. The bottom panels show the VPD (gray 
line), the daily mean air temperatures (Tair; black circles) and the maximum and minimum 
temperatures (top and bottom of the error bars) for the 2009 (C) and 2011 (D) growing seasons. 
Days in which field sampling occurred are indicated with triangles. 
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Figure 2.2. The daily mean values per treatment for the following variables: daily integral of 
carbon assimilation (A′; A and B), stomata conductance (gs; C and D) and intercellular [CO2] (Ci; 
E and F) for the 2009 (A, C, and E) and 2011 (B, D and F) growing seasons. Seasonal means for 
each variable are also presented at the right of each graph. The treatments are: control, increased 
temperature (eT), elevated CO2 (eC), and elevated temperature and CO2 (eT+eC). Error bars 
represent 1 SE. 
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Figure 2.3. Percent deviation of the integrated carbon uptake (A’) as a function of the daily 
maximum canopy temperature, for 2009 (A) and 2011 (B). The percent stimulation of A’ was 
calculated with the plot means between the eT and control treatments (black circles) and between 
eT+eC and eC treatments (white circles). Data were used from measurement days in each year 
that occurred after canopy closure and before senescence. The lines reflect second-order 
polynomials fitted to each comparison. 
  
45 
 
 
Figure 2.4. A and C, relationship between carbon uptake (A) and stomatal conductance (gs) per 
treatment for 2009 (A) and 2011 (C). Each point represents the plots means (three subsamples 
per plot) for each hourly time point measured across all days within a season for A versus gs. B 
and D, intrinsic water use efficiency (iWUE), calculated as A ÷ gs, for all measurement days in 
each treatment during 2009 (B) and 2011 (D). Seasonal means for each treatment in both years 
are presented at the right of each graph. Treatments and bars are as in Figure 2.2. Error bars 
represent 1 SE.   
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Figure 2.5. Water potential (WP; A and B), osmotic potential (OP; C and D), and turgor pressure 
(TP; E and F) in each treatment for the days where measurements were done during 2009 (A, C, 
and E) and 2011 (B, D, and F). Seasonal means of WP, OP and TP for the treatment in both 
years are also presented in the right in each graph. Treatments and bars are as in Figure 2. Error 
bars represent 1 SE. 
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Figure 2.6. Treatment means for the above-ground biomass (AGB; A and B), seed yield (SY; C 
and D), and harvest index (HI; E and F) for 2009 (A, C, and E) and 2011 (B, D, and F). 
Treatments and bars are as in Figure 2. Error bars represent 1 SE. 
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CHAPTER 3: GLOBAL WARMING ACCELERATES VEGETATIVE DEVELOPMENT 
AND OFFSETS THE EXPECTED DELAY IN REPRODUCTIVE DEVELOPMENT BY 
ELEVATED CO2 IN SOYBEAN 
Introduction 
Global mean surface temperatures increased by ~0.85°C from 1880 to 2012 and are 
predicted to increase up to 5.7°C by the end of the century (RCP8.5 scenario; IPCC, 2013). 
Consequently, this increase will result in mean summer temperatures that can exceed the 
warmest summers currently on record (Battisti & Naylor, 2009). Global warming can drive 
changes on plant communities, especially because temperature regulates plant species 
distribution and affects many biological processes (Sage & Kubien, 2007). For example, 
increases in temperature can drive changes in plant growth rates, by affecting photosynthesis, 
photorespiration and respiration (e.g., Long, 1991; Crafts-Brandner & Salvucci, 2004; Atkin et 
al., 2005; Sage & Kubien, 2007; Sage et al., 2008; Ainsworth & Ort, 2010; Hatfield et al., 2011; 
Wall et al., 2011). Moreover, temperature also influences the progression of developmental 
stages in plants (e.g., Campbell & Norman, 1998). With significant changes in the global climate 
system looming, the role of increasing temperature on the physiology of major crops has been 
investigated (e.g., Chapter 2 and 4), however, the role of combined increases in CO2 and 
temperature on the progression through vegetative and reproductive growth stages is still 
uncertain.   
Plant developmental stages are tightly coupled with temperature, thus the concept of 
growing degree days (GDD; measured in °Cd units) has been widely used to predict the rate in 
which plants progress through vegetative and reproductive phenological stages (e.g., Hesketh et 
al., 1973; McMaster & Wilhelm, 1997; Tollenaar et al., 1978; Baker & Reddy, 2001). The GDD 
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concept is based on the fact that developmental stages need certain thermal time accumulation 
and that the rate of phenological advancement is linearly related to this accumulated thermal time 
(e.g., McMaster & Wilhelm, 1997; Campbell & Norman, 1998). Assuming that the temperature 
does not exceed critical high-temperature thresholds, GDD accumulates faster with higher 
temperatures. Consequently, it is likely that global warming conditions will accelerate 
development. If development is accelerated, reductions in crops yields are possible because 
plants could spend less time in key reproductive stages, even if physiological processes, such as 
photosynthesis, have not been affected by the increase in temperature (Ainsworth & Ort, 2010). 
Because the increase of atmospheric [CO2] is the principal driver for the rise in surface 
temperature, climate change predictions for plant development can only be improved if the 
interactive effects of these two factors are considered.  
Soybean is the third most important agricultural crop grown globally in terms of its 
economic value (in dollars), with the United States as the highest producer globally (2012 data; 
FAOSTAT, 2014). Within the Midwestern US, soybean covers ~31 million ha and produces ~3 
billion bushels of oilseed (USDA-NASS, 2013). Because of the importance of soybean, many 
studies have evaluated the consequences of climate change factors on soybean growth and 
development (e.g., Ainsworth et al., 2002; Morgan & Bollero, 2005; Bernacchi et al., 2006; 
Heinemann et al., 2006; Lobell & Field, 2007; Castro et al., 2009; Chapter 2). While soybean 
developmental responses to temperature have been studied (e.g., Hofstra, 1972; Piper et al., 
1996; Setiyono et al., 2007), few studies have evaluated soybean phenology changes to the 
interactive effect of increased temperature and CO2 (e.g., Hesketh et al., 1973; Heinemann et al., 
2006). These previous studies, conducted using growth chambers experiments, show that 
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temperature can significantly accelerate the progression through phenological stages and affect 
the time to flowering.  
Growth chambers, with artificial light, significantly disrupt the microclimate (McLeod & 
Long, 1999) and are likely to influence the onset of reproductive development which is strongly 
influenced by photoperiod length (Setiyono et al., 2007). Free Air CO2 Enrichment (FACE) 
technology coupled with infrared heating technology allows for direct manipulation of CO2 
and/or temperature growth environments without imposing significant alterations in the canopy 
microenvironment (e.g., Ainsworth et al., 2008; Kimball, 2011). Using FACE technology, 
elevated CO2 was shown to delay reproductive development for soybean (Castro et al., 2009). 
However, there has not been a study focused on the effects of elevated CO2 together with 
elevated temperature on soybean development performed under field conditions.  
The objective of this study was to quantify the effects of increasing temperature with or 
without the increase of elevated [CO2] on the vegetative and reproductive development of 
soybean, and detecting the phenological changes that can impact yield. Because rising 
temperatures allow faster accumulation of GDD, I hypothesized that during vegetative 
development: (1) the increase of temperature alone will accelerate the progression to more 
advanced developmental stages for soybean at ambient and at elevated [CO2]; (2) the increase in 
temperature together with elevated [CO2] will boost a higher plant node number (due to the CO2 
effect; Castro et al., 2009) than an increase in temperature alone. Since the beginning of 
flowering to maturity, reproductive development in soybean is influenced by both photoperiod 
and temperature (e.g., Piper et al., 1996; Kantolic & Slafer, 2001; Kantolic & Slafer, 2007; 
Setiyono et al., 2007). In this experiment, all the treatments were subjected to natural sunlight, 
thus, they experienced the same photoperiod allowing the evaluation of the rising temperature 
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effect singly. I hypothesized that during reproductive development: (3) the increase in 
temperature will accelerate the progression to more advanced stages, beginning at flowering to 
maturity, and (4) the previously detected delay in reproductive development by elevated [CO2] 
(Castro et al., 2009) will be offset by the rise in temperature. This research was conducted at the 
soybean Temperature by Free Air CO2 Enrichment (T-FACE) experiment, which was designed 
to test the effect of elevated CO2 and rising temperature, in a full-factorial experiment, on 
soybean growth and physiology. This experiment relies on infrared heating arrays to increase 
canopy temperature 3.5°C above ambient temperatures and on the FACE technology to increase 
[CO2] by ~200 μmol mol
-1
 above ambient. 
Materials and Methods 
Site description and experimental design 
Vegetative and reproductive development data were collected from an indeterminate 
maturity group III soybean variety [Glycine max (L.) Merr., cv Pioneer 93B15] over two 
growing seasons (2009 and 2011). Plants were grown at the Temperature by Free Air CO2 
Enrichment (T-FACE) experiment, which combines the elevated CO2 infrastructure associated 
with the SoyFACE facility (40° 2' 30.49" N, 88° 13' 58.80 W, 230 m a.s.l.; Champaign, IL, 
USA) with in-field heating technology. More details of the site and the agronomic practices 
associated with SoyFACE can be found in Ainsworth et al. (2004), Rogers et al. (2004), 
Bernacchi et al. (2006) and Chapter 2. The experiment was a randomized complete block design 
with four blocks. In each block there was one 20 m wide ambient and one 20 m wide elevated 
CO2 octagonal plot. The [CO2] in the ambient plots was at 385 μmol mol
-1
 in 2009 and 390 μmol 
mol
-1
 in 2011. The [CO2] in the elevated CO2 plots was set to 585 μmol mol
-1
 in 2009 and 590 
μmol mol-1 in 2011, maintained from sunrise to sunset during the full growing season. Heated 
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and non-heated reference plots (3m diameter) were nested within each larger elevated and 
reference CO2 plots (eight in total). The heated plots consisted of six infrared heaters 
(Salamander Aluminum Extrusion Reflector Assembly Housing for Ceramic Infrared Heaters; 
Mor Electric Heating Association Inc., Comstock Park, MI, USA) each containing four infrared 
heating elements (Mor-FTE 1000W, 240V heaters; Mor Electric Heating Association Inc.).  The 
heaters were situated 1.2m above the plant canopy in a 3 m diameter hexagonal pattern (7.1m
2
). 
The heater output (up to 24,000W of infrared heating power) was regulated by a dimmer system 
that was controlled by a circuit board (Model LCED-2484, 240V, 35A; Kalglo Electronics Co., 
Inc., Bethlehem, PA USA). A datalogger (CR1000 Micrologger; Campbell Scientific, Inc., 
Logan, UT USA) controlled each heated plot by using a proportional-integrative-derivative 
(PID) feedback control system. Infrared radiometers (SI-121; Apogee Instruments, Inc., Logan, 
UT, USA) wired into the datalogger measured the canopy temperature in the heated and 
reference plots. According to the difference between the heated and reference plots, the voltage 
output module supplied the 0-10V signal to the dimmer (SDM-CV04; Campbell Scientific Inc.), 
which in turn regulated the current output to the heaters to maintain the ~3.5°C increase over the 
ambient temperature for 24h/day throughout the growing seasons. The experiment consisted of 
four treatments: control (ambient [CO2] & ambient temperature), eT (ambient [CO2] & heated 
temperature), eC (elevated [CO2] & ambient temperature), and eT+eC (elevated [CO2] & heated 
temperature). 
Measurements of the soybean development 
Planting occurred on day of year (DOY) 160 (9
th
 of June) in 2009 and DOY 159 (8
th
 of 
June) in 2011. In each plot, six soybean plants chosen at random were marked at the beginning 
of the season to track their development from emergence to maturity (R7-R8) according to the 
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classification and descriptions in Fehr et al. (1971) and Ritchie et al. (1993). In summary, each 
node formed in the main stem with fully developed leaves represents a vegetative stage, with 
vegetation stage one (V1) representing the first node and Vx representing the total number of 
nodes x. Reproductive development is divided in 8 stages: beginning bloom (R1), full bloom 
(R2), beginning pod (R3), full pod (R4), beginning seed (R5), full seed (R6), beginning maturity 
(R7) and full maturity (R8). The initiation of reproductive development (R0) is triggered by 
daylength or photoperiod, but this stage cannot be visually determined.  All other reproductive 
growth stages (from flowering to maturity) are a function of temperature and photoperiod 
(Setiyono et al., 2007). Measurements were made three times each week from emergence to 
senescence. If damage to a plant occurred, that plant was no longer considered in the data set. 
Growing Degree Days calculation 
GDD (°Cd) was calculated for each plot following the equations of Campbell & Norman 
(1998), using the measured canopy temperatures as: 
If          or             then       Eq. (1) 
If               then              Eq. (2) 
If                 then     
          
          
 (       )  Eq. (3) 
where      is the daily mean canopy temperature, Tb is base temperature defined as the 
minimum temperature for growth or development, which is 10°C for soybean (Zhang et al., 
1995), Tsupr is the upper temperature threshold for development, assumed to be 45°C for soybean 
(Setiyono et al., 2007), and Topt is the optimum temperature for development, assumed to be 
31.5°C for soybean (Setiyono et al., 2007). In this experiment,      never exceeded      . On 
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days when the canopy temperature measurements were unavailable which were since planting 
until the day when the infrared heaters started to work, GDD was calculated using the weather 
data (See 3.2.4 section). For this calculation, the term 
         
 
 replaced      (see Eq. 2.9 in 
Campbell & Norman, 1998), where Tmax is the daily maximum temperature and Tmin is the daily 
minimum temperature.  
The accumulated GDDn (GDD through n days) was calculated with the formula: 
     ∑ (    )
 
     Eq. (4) 
Temperature data 
The T-FACE infrastructure was assembled after planting, thus a short period of time 
elapsed between planting and the initiation of the CO2 and temperature treatments.  Heating 
began on DOY 173 in both years requiring the use of weather data to calculate the GDD from 
planting to DOY 172 on both years. Tmax and Tmin were obtained from the hourly air 
temperature data collected from a meteorological station associated with the Surface Radiation 
Network (SURFRAD, 40.05N, 88.37W, http://www.srrb.noaa.gov/surfrad/index.html), located 
~11.5 km from the experimental site. The canopy temperature was used to calculate the GDD 
from DOY 173 to DOY 266 in 2009 and from DOY 173 to DOY 264 in 2011. The canopy 
temperature was collected from the infrared radiometers (SI-121; Apogee Instruments, Inc., 
Logan, UT, USA) located in each T-FACE plot as mentioned before. The canopy temperature 
was collected in 10 s intervals and averaged for 10 min periods throughout the growing season.   
Development data processing 
For both vegetative and reproductive developmental stages, the DOY when a specific 
developmental stage was reached (DOYr) was calculated from the daily mean values for each 
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plot. Because measurements were collected three times weekly, there were occurrences when a 
developmental stage might have been reached on a day when measurements were not collected.  
Extrapolation of DOYr for these situations was performed from the measurements immediately 
preceding and following a specific developmental stage. Because the field data was collected 
during the progression of a day and not at a specific hour, the DOYr obtained by the 
extrapolation were rounded up to the nearest whole number. The data for the GDD when a stage 
is reached (GDDr) was obtained by identifying the days when stages were reached and their 
corresponded GDD, for this the DOYr and the GDD data were used. The number of days (DIS) 
and the growing degree days (GDDIS) in each developmental stage were calculated only for the 
reproductive data. 
Statistical analysis 
The relation between the vegetative stages vs. DOYr, and between the vegetative stages 
vs. GDDr were fitted to a first-order linear regression (PROC REG, SAS System 9.3, SAS 
Institute, Cary, NC USA). Then, a linear regression analysis was done following the procedure 
defined in Mead & Curnow (1983). The reproductive development data was analyzed using a 
complete block mixed model analysis of variance (ANOVA) for repeated measures with the 
Kenward-Roger option (PROC MIXED, SAS System 9.3, SAS Institute, Cary, NC USA). The 
statistical analysis for DOYr and GDDr was performed until the R7, while for DIS and GDDIS 
was done until the completion of R6. Because I am testing whether treatment differences exist 
among the reproductive stages, the fixed effects were [CO2] (CO2), temperature (Temp), the 
reproductive stages (Stage) and the interactions. The random effect was the Block. From the 
statistical software, the differences of least square means (t-test) option were used for the pair-
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wise comparisons in the reproductive development data. Statistical significance was set a priori 
at p ≤ 0.1. 
Results 
The high temperature treatments resulted in large advances in degree days throughout the 
growing season  
Starting with planting, GDD was accumulated as the growing season progressed.  The 
heated treatments (eT and eT+eC) accumulated GDD at a faster rate than the non-heated 
treatments (control and eC; Figure 3.1). At the end of the seasons, the heated treatments 
accumulated ~105 °Cd more GDD in 2009 and ~82 °Cd more GDD in 2011 compared with the 
non-heated reference plots. The rate of GDD accumulation for the heated treatments in each 
growing season resulted in a large difference in the number of days in which a GDD threshold 
was reached.  In both years, the non-heated treatments accumulated ~1210 °Cd (between 1106-
1316 °Cd) at the end of the growing seasons whereas the heated treatments had accumulated 
~1450 °Cd (between 1370-1529 °Cd; Figure 3.1).  The heated treatments reached the ~1210 °Cd 
threshold ~24.5 days earlier in 2009 and ~22.5 days earlier in 2011 (Figure 3.1). Elevated CO2 
increased the accumulation of thermal time only in 2011, which led to the eC treatment 
accumulating GDD 8 days faster than the control by the end of the growing season (Figure 3.1).  
More nodes formed with elevated CO2 and higher temperatures  
Both the eT+eC and eC treatments resulted on average in one additional node per plant in 
2009 relative to the control, whereas in 2011 the eT +eC treatment had two more nodes and the 
eC treatment one more node relative to the control (Figure 3.2a-b). The eT treatment did not 
differ from the control in the number of nodes produced during 2009, but it had one more node 
than control in 2011.   
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Vegetative development was accelerated with the increase of temperature and can be influenced 
by the CO2 concentration 
Linear regression analysis was performed between the vegetative stages vs. DOYr for 
each treatment. The results for 2009 indicated a significant effect of temperature (F2, 222=19.15, 
p<0.06). Here, the heated treatments (eT and eT+eC) developed faster than the non-heated 
treatments (control and eC; Figure 3.2a). In 2011, temperature (F2, 236=15.69, p<0.07) and CO2 
(F2, 236=24.65, p<0.04) had a significant effect. Consequently, the pair-wise comparisons between 
the lines showed that eT+eC was different from all the treatments (eT+eC vs. eT: F2, 119=32.4, 
p<0.04; eT+eC vs. eC: F2, 120=34.59, p<0.03; eT+eC vs. control: F2, 115=39.14, p<0.03) and was 
the treatment with the faster rate of vegetative development (Figure 3.2b). The vegetative 
development rate in eC, eT and control were not different between each other. 
During vegetative development, the heated treatments require more GDD to reach a 
developmental stage  
The results from the linear regression analysis between the vegetative stages vs GDDr 
lines showed a significant effect of temperature in both years (In 2009: F2, 222=39.57, p<0.03; In 
2011: F2, 236=50.42, p<0.02 ). Thus, the heated treatments (eT and eT+eC) accumulated more 
GDDr than the non-heated treatments (control and eC; Figure 3.2c-d). 
The effects of increased temperature and CO2 on the reproductive development progression were 
different between years 
Overall, elevated CO2 delayed total reproductive development, from R1 to R7, by two 
days and elevated temperature accelerated development by ~4 days in 2009 (Figure 3.3a). There 
were no statistically resolvable interactions between the CO2 and temperature treatments in 2009 
(Figure 3.3a) suggesting that the influences of the main effects were additive.  Further, there 
were no interactions among any treatments with growth stage, suggesting that in 2009 the 
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influence of temperature and CO2 were consistent among all reproductive growth stages (Figure 
3.3a). Specifically for R1, the beginning of flowering, eT was 4.3 days ahead compared to 
control, eC was 2.5 days behind from control and eT+eC had a similar DOYr to control (Figure 
3.3a).  
During the much warmer and drier 2011 growing season (Chapter 2), a significant 
temperature×CO2×growth stage interaction was observed for DOYr (Figure 3.3b). This three-
way interaction was driven by accelerated DOYr from stages R1 and R2 and by delayed DOYr 
from stages R3 through R5 in the elevated temperature treatments (Figure 3.3b). For R1 and R2, 
the effects of higher temperature and elevated CO2 offset each other with eT accelerating and eC 
delaying DOYr and the eT+eC treatment being similar to the control (Figure 3.3b). In R1, eT 
was ahead of control by 2.8 days, eC was behind of control by 2 days and eT+eC was not 
different from control (Figure 3.3b). All treatments were delayed from R3 – R5 when compared 
to control, although the eT treatment was much more delayed than eC and eT+eC (Figure 3.3b). 
The DOYr for R6 and R7 were similar in all treatments during 2011. 
Higher temperatures and elevated CO2 influenced the number of days in certain reproductive 
stages 
The DIS within a reproductive growth stage showed a significant temperature response 
for both years and a significant CO2 by temperature response in 2011 but these effects only 
occurred in certain growth stages (Figure 3.3c-d). In 2009, the heated treatments resulted in 
fewer DIS for R4 than the non-heated treatments (Figure 3.3c). In 2011, the eT and eT+eC 
treatments had higher DIS during R2 than the non-heated treatments and the eT treatment stayed 
longer in R2 than eT+eC (Figure 3.3d). During R5, control had the most DIS and eT has the least 
DIS. The DIS for eC and eT+eC were not different between each other and were between control 
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and eT (Figure 3.3d). The longest stages were observed in R5 and R6 during 2009 and in R2 and 
R5 during 2011 (Figure 3.3c-d).  
Certain stages in reproductive development for the heated treatments accumulated more GDD in 
between stages  
During 2009, heated treatments accumulated more GDDr that the non-heated treatments 
between R2 to R7 (Figure 3.3e). Similar to 2009, rising temperature increased GDDr in 2011. 
During 2011, the GDDr in the heated treatments was higher than in the non-heated treatments 
from R3 to R7 (Figure 3.3f). Elevated CO2 also played a role in increasing of GDDr during 2011 
(Figure 3.3f). The effect of CO2 was maintained for all the reproductive stages (averaging 32°Cd 
more GDD to reach a stage) and it was clearly observed in the eC vs. control comparison (Figure 
3.3f). In general, all the treatments had higher GDDr than control, with the exception of eT in the 
R1 and R2 stages (Figure 3.3f). 
Temperature increased GDDIS in 2009 and in 2011 during certain stages, and there was a 
temperature by CO2 by stage significant interaction in 2011 (Figure 3.3g-h). In 2009, the heated 
treatments had more GDDIS than the non-heated treatments in R5 and R6 (Figure 3.3g). In 2011, 
eT and eT+eC had more GDDIS than the non-heated treatments during R2 (Figure 3.3h). eT had 
more GDDIS than control during R4, eT+eC had more GDDIS than the other treatments during 
R5, and eT+eC had more GDDIS than control during R6 (Figure 3.3h). The stages with more 
GDDIS were R5 and R6 in 2009 and R2 and R5 in 2011 (Figure 3.3g-h). 
Discussion  
This study tested four hypotheses: (1) an increase in temperature will accelerate 
vegetative development at ambient and elevated [CO2]; (2) higher temperature together with 
elevated CO2 will produce plants with more nodes than plants under only high temperature; (3) 
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an increase in temperature will accelerate reproductive development in all the stages which 
progression are influenced by temperature; and (4) a delay in reproductive development by 
elevated CO2 will be offset by the increase in temperature. The first hypothesis was partially 
accepted because temperature accelerated development for both the eT and eT+eC treatments in 
2009 but only in eT+eC during 2011 (Figure 3.2a-b). The second hypothesis was accepted; the 
combination of elevated CO2 and temperature produced more nodes compared to plants under 
only elevated temperature conditions (Figure 3.2a-b). For the third hypothesis, the increase in 
temperature had a variable effect in reproductive development, accelerating the progression to 
higher developmental stages in some cases but delaying others (Figure 3.3a-b). However, the 
starting of flowering, which is the first visible sign of reproductive development, was initiated 
first in the eT treatment in both years (Figure 3.3a-b). The fourth hypothesis was supported 
because the increase in temperature counteracted the delay in reproductive development by CO2, 
a delay that was present in some stages (Figure 3.3a-b).  
During 2009 there was a clear difference in the rate of development between heated and 
non-heated treatments; however, in 2011 only eT+eC had a faster development (Figure 3.2a-b). 
Both years had different weather conditions, which could have influenced the response of the 
vegetative development to temperature, similar to observations with photosynthetic rates 
(measured as daily integrated photosynthesis in Chapter 2, A’). Moreover, the performance of the 
A’ could influence development in the sense that additional carbohydrates are needed to progress 
through developmental stages and form more nodes. During the 2009 growing season, which 
was colder than average with average rainfall (Chapter 2), the increase of temperature allowed a 
faster development when compared to non-heated treatment. For the eT treatment, a more rapid 
progression through development occurred despite a seasonal 5% decrease in A’ compared to the 
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control (Chapter 2). The 2011 growing season was warmer and drier than average and eT 
resulted in a decrease in A’ that was three times greater than observed in 2009 (Chapter 2). 
During 2011, it was more likely that the stressful background conditions augmented by the eT 
treatment impeded the opportunity for accelerated vegetative development. This is also reflected 
in the smaller slope from the Vegetative stages vs. DOYr linear trend for the eT treatment during 
2011 (slope=0.231) compared to 2009 (slope=0.256; Figure 3.2). Consequently, the rate of 
development in eT was slower than eT+eC, but similar to control and eC. In 2011, eT+eC was 
also under the same stressful conditions as eT, however, elevated CO2 mitigated the reduction of 
A’ by temperature (Chapter 2). Thus, high [CO2] could have also allowed the maintenance of a 
faster rate of vegetative development in eT+eC despite the hot and dry season. This is also 
supported by significant CO2 effect for DOYr during vegetative development in 2011. The 
heated treatments required the same amount of GDDr in both years and this GDDr was higher 
than the non-heated treatments (Figure 3.2c-d). Despite requiring the same GDDr, eT+eC 
accumulated GDD at a faster rate than eT during 2011 (Figure 3.1). Higher canopy temperatures 
driven by the effect of elevated CO2 on soybean transpiration (Bernacchi et al., 2007), which was 
+1°C during midday hours in 2011 (Chapter 2), could have allowed the faster GDD 
accumulation in eT+eC compared to eT. These results indicate that it is highly important to 
consider the effect of increasing elevated [CO2] on accelerating vegetative development 
especially during hot summers. 
Soybean under only elevated CO2 (eC) had more nodes than control during both years 
(Figure 3.2a-b), which agreed with the findings in Castro et al. (2009). In Castro et al. (2009), the 
formation of extra nodes under elevated CO2 was achieved by requiring fewer GDD and 
attributed to a higher rate of carbohydrate formation than soybean under ambient [CO2] (Rogers 
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et al., 2004; Bernacchi et al., 2006; Castro et al., 2009). The results from T-FACE did not show 
less GDD requirement to form a node in eC vs. control (Figure 3.2c-d), but an agreement 
between more nodes with high photosynthesis was found. Thus, higher A’ in eC than control was 
present in both years (Chapter 2). High A’ supporting the formation of more nodes was also 
supported in eT+eC when compared to control but only in 2009 (Figure 3.2a; Chapter 2). 
Additionally, eT+eC and eC did not have statistically different A’ during 2009 (Chapter 2), and 
as expected eT+eC vs. eC had similar number of nodes (Figure 3.2a). These results were 
different in 2011, eT+eC vs. eC had lower A’ (Chapter 2) but more nodes (Figure 3.2b), 
suggesting that more node formation cannot only be attributed to more carbohydrates in the 
plant. In 2011, the acceleration of development by temperature could have played a role in the 
formation of more nodes contributing to the differences between eT+eC and eC. Moreover, 
faster development allowing more node formation also appeared in eT when compared to 
control. eT had one node more than control (Figure 3.2b) while having lower A’ than control 
(Chapter 2).  
During reproductive stages, eT when compared to control showed a faster GDD 
accumulation and an acceleration of all reproductive stages during 2009 (Figure 3.3a, e-f). 
Surprisingly, only some stages were accelerated while others were delayed in eT vs. control 
during 2011 (Figure 3.3b). The stages that accelerated in eT during 2011 were R1 and R2 and the 
average acceleration for those stages together was similar to 2009 (about 3 days faster than 
control in 2009 and 2.8 days faster than control in 2011; Figure 3.3a-b), despite the prolongation 
of R2 during 2011 compared to 2009 (Figure 3.3c-d). The eT treatment had the longest R2 in 
2011, 6.8 days more than control (mean of ~20 DIS in eT and mean of 13 DIS in control), and 
almost 3 times longer than the same treatment in 2009 (Figure 3.3c-d). R2 initiates a period of 
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rapid accumulation of dry matter and nutrients that lasts until R6 (Ritchie et al., 1993). Previous 
measurements indicated that A’ decreased in eT compared to control during the whole soybean 
reproductive development and that the hotter temperatures of the 2011 season were during the 
flowering time (Chapter 2). The stress imposed by the growing season conditions in 2011 
certainly influenced the duration of R2 in all the treatments (Figure 3.3d). However, the 
additional reduction of A’ by temperature could have caused eT to remain the longest in R2. The 
prolonged duration of R2 could also be attributed to a lack of resources needed to continue to 
later developmental stages and to a mechanism of prolonging the flowering period under 
unfavorable conditions, which could increase the probability to form pods and guarantee high 
yields (Ritchie et al., 1993). Another difference between the two years was observed for the 
DOYr from R3 to R5 in eT; there was a mean acceleration of 4.1 days during 2009 and a delay 
of 4.9 days in eT compared to control during 2011 (Figure 3.3a-b). The observed decrease in A’ 
(Chapter 2) plus the resources invested in the additional node in eT vs. control (Figure 3.2b) 
could have contributed to a slower progression to later developmental stages, however it is also 
likely that this delay was attributed in part to the prolongation of the previous stage (R2).   
Elevated CO2 has been shown previously to delay reproductive development by up to 3 
days in R7, with the delay initiating at R3 (Castro et al., 2009). In this study, I found that 
elevated CO2 tended to delay DOYr in reproductive development during both years (Figure 
3.3a-b), with this observation beginning in R1 and continuing to R7 in 2009 but in fewer stages 
during 2011. Despite stronger delays in some reproductive stages, by R7 only 1 day was delayed 
in eC vs. control during 2009 and no observable delay occurred in 2011 (Figure 3.3a-b). In 2011, 
the same DOYr for R7 was obtained in eC vs. control which was possible by spending fewer 
days in R5 (Figure 3.3d). The reason why only a few reproductive stages were delayed in 2011 
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could be linked to the higher canopy temperatures in eC vs. control that was associated with a 
much warmer 2011 season and the CO2 effect on canopy temperature (Chapter 2; Bernacchi et 
al., 2007). This difference in the canopy temperature drove more rapid GDD accumulation 
(Figure 3.1), higher amount of GDD required to reach a stage (Figure 3.3f) and less stages 
delayed in eC vs. control (only R1 and R3-R5 were delayed; Figure 3.3b) during 2011.  
The delay in reproductive development attributed to elevated CO2 was not apparent when 
plants were grown at elevated temperature. Thus, reproductive development in eT+eC showed a 
development rate and DOYr lower than eT but higher than eC for all the stages during 2009 and 
in R1 and R2 during 2011 (Figure 3.3a-b). Similar to the findings in Heinemann et al. (2006), the 
start of flowering (DOYr for R1) was accelerated with the increase of temperature in both years. 
On average for the two years, the DOYr for R1 was accelerated by 3.5 days in eT vs. control 
(Figure 3.3a-b). In contrast, averaged across both years a delay in R1 occurred when plants were 
grown in elevated CO2, on average by 2.3 days for eC relative to control (Figure 3.3a-b). These 
two opposite and independent effects of rising temperature and CO2 resulted in no-change for the 
DOYr for R1 in eT+eC vs. control in both years (Figure 3.3a-b). On the other hand, eT+eC 
resulted in delays in the DOYr from R3 to R5 during 2011. These delays were similar to the ones 
observed in eC and eT. But the reasons for the delay in eT+eC seems to be more related with the 
reasons that delayed reproductive development in eT.  This is based on the fact that eT+eC 
needed similar amount of GDDr to eT (Figure 3.3f). Consequently, the investment in resources 
for the additional nodes in eT+eC, which was the treatment with the highest number of nodes 
plus the delay in R2 could have contributed to slower DOYr for R3, R4 and R5. 
Another important finding in this research is that the calculation of GDD predicts that the 
heated treatments will be more than 20 days ahead in development than the non-heated 
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treatments, but in reality the mean acceleration in  the heated treatments during reproductive 
development was ~4 days in 2009 and none in 2011 (Figure 3.3a-b). My temperature treatment 
may not have the full effect on GDD of natural warming. However, there is also the possibility 
that as the climate warms, the current GDD metrics may not be applied to predict development 
because the GDD metrics and the observed developmental stages became uncoupled. This is not 
the first time that this disparity differences between the calculated GDD and the observed 
developmental stages has occurred. In Castro et al. (2009), elevated CO2 delayed reproductive 
development by about 3 days but the GDD metrics predicted an acceleration of development by 
3 days. These differences were attributed to an independent and opposite effect of elevated CO2 
in development. This may hold for plants grown under elevated [CO2] but in this data there were 
also differences between the GDD predictions and the development in the heated treatments. 
While the GDD method uses the temperature of the organism to predict its development, it is 
possible that the progression to developmental stages in plants respond more to parameters like 
net carbon uptake (Chapter 2), or vapor pressure deficit (Vpd) than to the temperatures itself. 
Additionally, the similar photoperiod in all the treatments and during reproductive development 
could be constraining in some way the rate of development predicted by the GDD, especially in 
the heated treatments. Whatever the reason, the uncoupled development predictions between the 
GDD method and the observed development data imply that climate change predictions made by 
models that rely on the GDD methods should be carefully considered. 
Under climate change scenarios, the growing conditions in the eT+eC treatment are the 
most realistic enactment of what is likely to occur. My research suggests that vegetative 
development in soybean will be faster, will have more nodes, and will be prolonged when grown 
in higher temperatures and elevated [CO2] compared to development rates under current 
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conditions. The delay in reproductive development by elevated CO2 may favor the increase of 
yields if the time for pod formation and grain filling is prolonged. However, the delay in 
reproductive development by elevated CO2 may also put on risk yields if plants get exposed to 
the first frost of the year (Castro et al., 2009). The T-FACE results showed that under global 
warming conditions the CO2 delay can be offset because increased temperature accelerated 
reproductive development. It was also observed that the magnitude of the predicted changes will 
highly depend on the specific weather conditions in each growing season, on the impacts of 
climate change on carbon budgets of plants, and on the specific mechanism that the plant adopts 
under stress conditions. Thus, under hotter climates, flowering may be prolonged thereby 
increasing the probability for pod formation. But yield will also depend on the performance of 
other reproductive stages, on the interaction between vegetative and reproductive growth (e.g., 
indeterminate soybean) and in the balance between number of pods, seed number per pod and 
seed size.   
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Figures 
 
Figure 3.1. Accumulated growing degree days (GDD) in all 4 treatments during 2009 and 2011 
growing seasons.  Treatments: control, increased temperature (eT), elevated CO2 (eC) and 
increased temperature and CO2 (eT+eC). 
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Figure 3.2. DOY (A and B) and GDD (C and D) when the vegetative developmental stages were 
reached (DOYr and GDDr) in all four treatments during 2009 and 2011. Definition of the 
treatments is as in Figure 3.1. In the inside tables are the intercept, slope and R
2
 values for the 
linear regressions that were fitted in each treatment. SE is indicated in each panel. 
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Figure 3.3. DOY when the reproductive developmental stages were reached (DOYr), the 
duration of the stages in days (DIS), GDD when the reproductive developmental stages were 
reached (GDDr) and the GDD accumulated in each stage (GDDIS) for all four treatments during 
2009 (a, c, e and g) and 2011 (b, d, f, h). Definition of the treatments is as in Figure 3.1. The 
letters above the bars indicate the statistical difference (p≤0.1) between treatments.    
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CHAPTER 4: INCREASED TEMPERATURE CAUSED THE DOWN-REGULATION 
OF PHOTOSYNTHESIS AND THE REDUCTION OF YIELD IN MAIZE GROWN AT 
AMBIENT AND ELEVATED [CO2] 
Introduction 
Rapidly increasing atmospheric CO2 concentrations ([CO2]), which greatly contributes to 
global warming (Canadell et al., 2007; IPCC, 2007; IPCC, 2013), necessitates the understanding 
of ecological, physiological and biogeochemical responses of ecosystems to these changes. In 
terrestrial ecosystems, photosynthesis is the biological process used by plants to fix atmospheric 
CO2, and one of the processes by which plants respond directly to rising CO2. The increase of 
[CO2] has been shown to stimulate photosynthesis in C3 crops (e.g., Kimball et al., 1995; 
Ainsworth et al., 2002; Ainsworth & Long, 2005; Leakey et al., 2009; Chapter 2) and 
consequently, but to a lesser extent, above-ground biomass (AGB) and yield (Long et al., 2006). 
C4 crops, however, are generally shown to have little or no responses of photosynthesis, biomass 
and yield to rising [CO2] (Patterson & Flint, 1980; Cure & Acock, 1986; Ottman et al., 2001; 
Leakey et al., 2006; Long et al., 2006; Hatfield et al., 2011; Markelz et al., 2011). In a warming 
climate, additional challenges to agriculture will occur if specific temperature thresholds that 
limit or cease growth are surpassed (Hatfield et al., 2011). A C4 crop that dominates many 
agriculturally rich regions of the planet is maize. According to 2012 records, maize is one of the 
most important agricultural commodities in terms of quantity produced (FAOSTAT, 2014). The 
US is the largest maize producer globally (USDA-FAS, 2014), with ~35 million Ha of maize that 
produce ~10.8 billion bushels of grain per annum in US (2012 data; USDA-NASS, 2013). 
Changes in maize productivity can strongly affect global food security and have ecological and 
economic impacts for the Midwest region. Thus, it is of great interest to unravel and quantify the 
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climate change consequences on maize photosynthesis, biomass and yield, which can also serve 
as a model for other C4 crops.  
The C4 photosynthetic pathway has evolved features that contribute to its insensitivity to 
increases in atmospheric [CO2]. In C4 photosynthesis, the [CO2] inside the bundle sheath cells is 
normally many times higher than the [CO2] in the atmosphere (He & Edwards, 1996; Kiirats et 
al., 2002). This [CO2] saturates Ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase 
(Rubisco; von Caemmerer & Furbank, 2003), minimizing the oxygenation of Rubisco and the 
subsequent photorespiratory pathway (Furbank and Hatch 1987; Hatch, 1992; He & Edwards, 
1996; Hatch, 2002). Thus, elevated CO2 does little to improve photosynthesis and growth in C4 
species under well-water conditions (e.g., Morison & Gifford, 1984; Ghannoum et al., 2000; 
Leakey et al., 2004; Leakey et al., 2006). Results from Free Air CO2 Enrichment (FACE) 
experiments showed that elevated CO2 does not produce changes in the C4 biochemical 
parameters for photosynthesis, in the stimulation of carbon uptake (A) and in the AGB or yield 
components (Leakey et al., 2006; Markelz et al., 2011). The exception for the no stimulation of A 
is under moderate drought conditions, conditions that drive reductions in stomatal conductance 
(gs), intercellular CO2 concentration (Ci) and consequently A. However, under elevated [CO2] 
conditions, higher A can still be maintained (Leakey et al., 2004; Leakey et al., 2006; Markelz et 
al., 2011). 
It is difficult to formulate predictions for the response of C4 plants under global warming 
conditions. As with C3 photosynthesis, C4 photosynthesis is highly sensitive to temperature 
although the thermal optimum is generally much higher as there is little to no photorespiration 
(Sage & Kubien, 2007). Additionally, Rubisco capacity is not a limiting process for A at 
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temperatures above 20-25°C, thus other process like the regeneration of Phosphoenolpyruvate 
(PEP) by pyruvate-Pi phosphate dikinase capacity, RuBP regeneration and Pi regeneration 
capacity can take place but it is not clear which one will be limiting A (von Caemmerer, 2000; 
Sage & Kubien, 2007). Experiments have tested the photosynthetic responses of maize to 
increases in temperature using a variety of warming techniques (e.g., Zheng et al., 2013; Ben-
Asher et al., 2008; Crafts-Brandner & Salvucci, 2002; Kim et al., 2007; Labate et al., 1990). 
These works show that maize photosynthesis has a high thermal optimum near 34°C (Edwards 
and Baker, 1993; Kim et al., 2007; Hatfield et al., 2011). Moreover, depending of the 
developmental stage, maize photosynthetic response to temperature can vary. Ben-Asher et al. 
(2008) found that early in development, A was highest at 25°C but at later developmental stages 
plants at moderately higher temperatures perform better. Recent modeling and time series studies 
on maize yield have projected negative effects of warming (Kucharik and Serbin, 2008; 
Schlenker and Roberts, 2009; Urban et al., 2012), with the threshold for decreases in yield 
occurring at about 29°C (Schlenker and Roberts, 2009). Models also predict yield reductions of 
up to 8% for every 2°C rise above current average mean temperatures in the Midwest in the 
absence of water limitations (Hatfield et al., 2011). Fully replicated complete factorial controlled 
experiments within a growing season, however, are necessary to elucidate the underlying 
mechanisms that drive the observed responses from these empirical models.  
Currently, no studies exist that have tested the interactive effect of rising CO2 and 
temperature on non-enclosure based field-grown maize. Kim et al. (2007) used a naturally-lit 
soil–plant–atmosphere research (SPAR) chambers to evaluate the temperature dependence of 
photosynthesis, development and growth of maize under ambient and elevated [CO2]. The 
measurements, done until the silking developmental stage, showed a rise and drop of A in a 
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curvilinear response and a negative correlation for AGB with increasing temperatures regardless 
of the [CO2] (Kim et al. 2007). While no effect of rising [CO2] was observed for AGB or A, the 
maximum activity of phosphoenolpyruvate carboxylase (PEPCase; Vpmax) was decreased with 
rising [CO2]. In contrast, results from FACE experiments found no CO2 effect on Vpmax when 
maize was unstressed (Leakey et al., 2006; Markelz et al., 2011). While the use of controlled 
experiments have increased the understanding and knowledge about plant responses to a variety 
of environmental conditions, FACE experiments provide the opportunity to maintain otherwise 
natural field conditions while investigating the effect of elevated CO2 on plants (Ainsworth et al., 
2008). Combined with infrared heating (e.g., Chapter 2), FACE experiments provide an ideal 
opportunity to investigate the impact of both rising [CO2] and global warming on maize 
physiology and growth.  
In this study, a Temperature by Free Air CO2 Enrichment (T-FACE) experiment was set 
up during 2010 in Champaign, Illinois to understand and quantify the effects of increasing [CO2] 
(200 µmol mol
-1
 above ambient) and/or temperature (+3.5 °C above ambient) on maize 
photosynthesis, biomass and yield. I predict that: (i) based on previous reports showing a lack of 
CO2 response on maize photosynthesis (Leakey et al., 2004; Leakey et al., 2006; Kim et al., 
2007; Markelz et al., 2011), elevated CO2 will not affect photosynthetic rate, above-ground 
biomass or yield within a temperature treatment; (ii) despite model predictions that show 
increases in C4 photosynthesis with instantaneous increases in temperature (e.g., von 
Caemmerer, 2000; Sage, 2002; Sage & Kubien, 2007), maize grown at elevated temperature will 
have lower photosynthetic rates driven by down-regulation of key photosynthetic processes such 
as Vpmax, CO2-saturated rate of A (Vmax), and quantum efficiency of photosystem II (ФPSII); and 
(iii) the lower photosynthetic rates associated with higher temperatures will decrease both above-
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ground biomass and yield.  Additional gas exchange parameters, including gs, Ci and additional 
biomass and yield variables will be collected to help decipher the mechanisms and implications 
of the results. 
Materials and methods 
Site description and experimental design 
This experiment was conducted during the 2010 growing season on maize (Zea mays cv. 
34b43, Pioneer Hi-Bred International) grown at the Soybean Free Air CO2 Enrichment 
(SoyFACE) research facility (Champaign, Illinois, USA: 40° 2' 30.49" N, 88° 13' 58.80 W, 
230 m a.s.l.). Maize was planted on half (~16 Ha) of the area within the 32 Ha research facility.  
Nested within the maize grown field were four ambient and four elevated CO2 octagonal plots, 
each 20m wide. Heated subplots, coupled with adjacent non-heated reference areas, were nested 
within each of the control and elevated CO2 plots to provide a full factorial CO2 by temperature 
interaction study. The treatmets were: control (ambient [CO2] & non-heated), eT (ambient [CO2] 
& +3.5°C in temperature), eC (585 μmol mol-1 [CO2] & non-heated), and eT+eC (585 μmol mol
-
1
 [CO2] & +3.5°C in temperature). Site and management descriptions of the FACE experiment 
have been published previously (Ainsworth et al., 2004; Rogers et al., 2004; Leakey et al., 2004; 
Bernacchi et al., 2006). 
The design of the heating arrays were nearly identical to those used in Chapter 2 over 
soybean (Glycine max), except that the current experiment used a telescoping mast system to 
orient the heaters 1.2m above the maximum maize canopy height, which can be up to three-fold 
higher in maize than soybean. The heated plots consisted of six infrared heaters (Salamander 
Aluminum Extrusion Reflector Assembly Housing for Ceramic Infrared Heaters; Mor Electric 
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Heating Association Inc., Comstock Park, MI, USA), each one with four infrared heating 
elements (Mor-FTE 1,000-W, 240-V heaters; Mor Electric Heating Association Inc.). The 
heaters were deployed in a hexagonal pattern, 1.2 m above the top of the canopy and angled 45° 
toward the center of the plot (Supplementary Figure 4.1). The infrared heater output was 
regulated by a dimmer (model LCED-2484, 240 V, 35 A; Kalglo Electronics), which was 
connected to a data logger (CR1000 Micrologger; Campbell Scientific). The data logger was also 
connected to infrared radiometers (SI-121; Apogee Instruments) that measured the canopy 
temperatures in the heated and non-heated plots. Based on the temperature difference between 
the heated and non-heated plots within a ring, the data logger would output a voltage (0 to 10V) 
to the dimmer which modulated the heater output to maintain the target temperature difference 
(~3.5°C increased). Heating occurred continuously throughout the growing season with two 
exceptions: (1) when the heaters were programmed to maintain ~10% output during precipitation 
events to minimize energy wasted on evaporating water and (2) when technical problems 
occurred occasionally in all plots and plagued one eT+eC plot throughout the season. These data 
were excluded from the analysis. Throughout the season the day time mean canopy temperature 
for the treatments were: 22.7 ± 1.6°C for control, 25.4 ± 1.6°C for eT, 22.8 ± 1.7°C for eC and 
25.5 ± 1.6°C for eT+eC which gave a mean temperature increment of 2.64 ± 0.33°C (n=4) for eT 
vs. control and of 2.73 ± 0.43°C (n=3) for eT+eC vs. eC (Supplementary Figure 4.2). 
Meteorological data 
Hourly temperature, humidity and solar radiation data were collected from a station 
located ~11.5 km (40.05N, 88.37W) from the experimental site by using the Surface Radiation 
Network (http://www.srrb.noaa.gov/surfrad/index.html) and processed as described in 
Vanloocke et al. (2010). The vapor pressure deficit, D, was calculated from the temperature and 
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humidity data. The precipitation for 2010 was taken from the University of Illinois Willard 
airport weather station, which is located ~1km from SoyFACE (40.04N, 88.27W, 
http://cdo.ncdc.noaa.gov/qclcd/QCLCD). Monthly values for temperature and precipitation in 
Champaign (1978 to 2007 period and 2010) were obtained from the Midwestern Regional 
Climate Center (MRCC, Zone 5, http://mrcc.isws.illinois.edu/CLIMATE/).  
Diurnal photosynthesis measurements  
Leaf level gas exchange measurements were collected using a total of four open gas-
exchange systems (Li-Cor 6400; Li-Cor, Inc., Lincoln, NE, USA) with integrated chlorophyll 
fluorometer chambers (LI-6400-40 leaf chamber fluorometer; Li-Cor, Inc.). At the beginning of 
the growing season, each gas exchange system was calibrated and routine checks were 
performed as in Bernacchi et al. (2006). The gas exchange system software calculates leaf gas 
exchange fluxes and concentrations using the von Caemmerer & Farquhar (1981) equations and 
ФPSII using the Genty et al. (1989) equation. 
Diurnal photosynthetic measurements were collected five times throughout the 2010 
growing season, in the majority of the cases in two week intervals and representing a range of 
developmental stages (Table 4.1). The physiological variables measured were A (μmol m-2 s-1), 
gs (molm
-2
 s
-1
), Ci (μmol mol
-1
), the ratio of Ci to the atmospheric [CO2] (Ci/Ca), and ФPSII. On 
each diurnal day, measurements were initiated every two hours, from 8AM to 6PM local time. 
On most days, six time points were obtained per day, but inclement weather or instrument errors 
resulted in fewer total measurements. The measurements were taken from the youngest fully 
expanded leaves of three plants per plot. Four gas exchange systems were used simultaneously, 
one per experimental block. The blocks and order of treatments to be measured for each machine 
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were randomly assigned for each time point. At the beginning of each measurement period, the 
values for the photosynthetically active radiation (PAR) and the chamber block temperature in 
the gas-exchange systems were set to the photosynthetic photon flux density (PPFD; LI-190; LI-
COR, Inc.) and air temperature (HMP-45C; Campbell Scientific, Inc., mounted in the aspirated 
temperature shield model 076B; Met One Instruments, Grants Pall, OR USA) recorded at the 
SoyFACE facility. The block temperature was set 3.5°C higher than ambient for the heated plots. 
The reference CO2 in the gas exchange system was set to 400 μmol mol
-1
 for control and eT and 
600 μmol mol-1 for eC and eC+eT. The daily means for the relative humidity in the leaf sample 
chamber (Hs) ranged between 54-66%, and the daily means for the vapor pressure deficit (D) 
calculated from the measured leaf temperature (DL) ranged between 1.5-2.5 kPa. The season 
mean values for DL were: 1.8 kPa for control, 2.1 kPa for eT, 2.0 kPa for eC and 2.2 kPa for 
eT+eC. The intrinsic water use efficiency (iWUE) was defined as A/gs. 
Photosynthetic response curves to changes in internal CO2 concentrations 
Photosynthetic-CO2 (A/Ci) response curves were measured four times throughout the 
growing season within two days of the diurnal measurements (Table 4.1). Beginning at dawn, 
four gas exchange systems with chlorophyll fluorometer chambers were placed within each 
block to measure A/Ci curves on the youngest fully expanded leaf on one plant per plot. PAR 
was maintained at 1500 µmol mol
-1 
and the leaf temperature at 25°C. The conditions within the 
chamber were held constant throughout the measurements with the exception of the reference 
[CO2], which was stepwise from 400, 300, 200, 100, 75, 50, 25, 400,600, 800 and 1200 μmol 
mol
-1
. The mean Hs ranged between 60 -77% and DL between 1.1-1.7 kPa. Vpmax (μmol m
-2 
s
-1
) 
was obtained by fitting the measured data below a Ci of 50 µmol mol
-1
 to the kinetic equation 
(Eq) representing the rate of PEP carboxylation (von Caemmerer, 2000): 
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    (     )       Eq (1); 
where Ac (μmol m
-2 
s
-1
) is the Rubisco-limited rate of CO2 assimilation, Cm (μbar) is the 
mesophyll CO2 partial pressure, Kp (μbar) is the Michelis-Menten constant of PEPcase for CO2, 
Rm (μmol m
-2 
s
-1
) is the mitochondrial respiration in the mesophyll cells, and gbs (mol m
-2
s
-1
) is 
the bundle-sheath conductance to CO2 . The gbs Cm term was ignored because gbs is low (von 
Caemmerer, 2000). Ac was fitted to A, and the A values used were the ones when Ci was below 
50 μmol mol-1. Kp was 80 μbar (Bauwe, 1986; von Caemmerer, 2000), and the initial parameters 
were: Rm = 0.5 minimum(A) and Vpmax = 120 μmol m
-2 
s
-1
 (von Caemmerer, 2000). Vmax, which 
can either be the maximum carboxylation rate of Rubisco or/and the regeneration of PEP, was 
calculated from the horizontal asymptote of a non-rectangular hyperbola with four-parameters as 
indicated in Markelz et al. (2011):  
 ( )     
         √(       )          
  
     Eq (2); 
where x is Ci, a is the initial slope, Amax is the horizontal asymptote, and θ is the curvature factor. 
The f(x) was fitted to A, and all the A values from the A/Ci curves were used. The initial 
parameters were: a = 0, Amax = maximum(A), θ = 0.5, Rm = A-(Amax /2θ). Because Eq. 2 
extrapolates values to infinite Ci, which can inflate estimates of key parameters due to slight 
variation in measured data, these parameters were constrained to a maximum values at a Ci of 
2000 μmol mol-1.  For both Eq 1 and Eq 2, the data was fit using SigmaPlot 12.5 (Systat 
Software Inc., San Jose, CA USA).  
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Plant development and harvesting data 
Maize was planted on April 28, day of year (DOY) 118. Plant developmental stage was 
recorded every two to three days beginning with emergence of the first leaf (V1) and until 
physiological maturity (R6) following the descriptions outlined in Ritchie et al. (1993). Above 
ground biomass (AGB; stem + leaves + husk + cob + kernels), stem biomass (SB; stem +leaves), 
and seed yield (SY; kernels) were obtained from two 1m rows (0.731m
2
) per plot after the R6 
reproductive stage and when kernels were dry enough for harvesting (DOY 257). Plants were cut 
at the base of the stalk ~0.5cm above-ground. Plant material was dried for one week in a forced 
air oven at 65
o
C, after which mass of the biomass components were recorded. The individual 
kernel weight was calculated from the weight of 200 seeds per plot selected at random. Cob 
length, number of kernels per cob, and harvest index (HI, HI = SY/AGB) were also recorded.   
Plant tissue sampling and volumetric soil moisture content measurements 
Plant tissue was collected to obtain percentage content of nitrogen (%N), carbon (%C), 
and water potential (WP) from the most fully expanded leaves, at midday during each diurnal 
measurement day. For %N and %C, the leaf tissue was cut with a cork borer (~1.9cm diameter; 
model H9664, Humboldt Manufacturing Co., Elgin, IL) and rubber stoppers. Two disks per plant 
were collected on five plants (5 subsamples) per plot for the N and C content analysis. The disks 
were oven dried at ~60°C for 96 hours. The leaf disks were ground to a fine powder and ~2.0mg 
of each sample were wrapped in pressed tin capsules (Code 041070, 4 x 6 mm, Costech, 
Valencia, CA, USA) for analysis in the elemental analyzer (Elemental Combustion System 
CHNS-O, Costech ECS 4010, Valencia, CA, USA). 
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Three additional leaf tissue disks of ~1.2cm diameter per plant from five plants in each 
plot were collected for WP. The disks were enclosed immediately within psychrometric 
chambers (C-30; Wescor, Inc., Logan, UT USA), transported to laboratory conditions and placed 
in a controlled environmental growth chamber for 2-3 hours, which allowed for thermal 
equilibrium at 25°C. The psychrometer chambers were connected to a dew point micro-voltmeter 
(HR-33T; Wescor), and WP was measured as in Leakey et al. (2006). The chambers were then 
submerged in liquid nitrogen to break down the cells and after ~14 hours osmotic potential (OP) 
was measured similar to WP. Turgor potential (TP) was determined as the difference between 
WP and OP. The data was calibrated using WP measurements obtained from sucrose solutions (0 
to 1.50 M). 
Soil volumetric water content (Msoil; in units of H2O%v/v) was measured two to three 
times per week in 10cm increments from 5cm to 105cm depths, using a capacitance probe 
(Diviner-2000; Sentek Sensor Technologies, Stepney, SA, Australia). Measurements occurred 
between noon and 3:00PM, the measurements began after emergence and continued until 
physiological maturity. Four access tubes were installed in each plot, two within planting rows 
and two between rows. Raw probe data was calibrated against gravimetric data using the method 
of Platineanu & Starr (1997). Data were divided into three layers after collection: surface (5-
25cm), middle (35-55cm) and deep (65-105cm). 
Statistical analysis 
The photosynthetic variables (A, gs, Ci, Ci/Ca, ФPSII, iWUE, Vpmax, Vmax), leaf %N and 
%C, water potential variables (WP, OP, TP) and Msoil at each layer were analyzed as a complete 
block design using a mixed model repeated measures analysis of variance (ANOVA; PROC 
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MIXED, SAS System 9.3, SAS Institute, Cary, NC USA) with the Kenward-Roger option for the 
degrees of freedom calculation. For the seasonal analysis, the fixed effects were DOY, [CO2] 
(CO2), temperature (Temp) and the interaction between them. Block was treated as the random 
effect. The analysis for the biomass and yield variables (AGB, SB, SY, HI, kernels per cob, unit 
kernel weight, and cob length) were similar to the analysis previously descripted but they were 
not for repeated measurements and did not have the DOY fixed effect. For the daily analysis of 
the variables with multiple time points, the time of day replaced DOY and each day was 
analyzed separately. Pair-wise comparisons were generated with the differences of least square 
means (t-test). Pair-wise comparisons of Msoil between the treatments were conducted on data 
collected within one day of the diurnal measurements to assess any influence that changes in 
Msoil might have on leaf gas exchange. The relation between the % deviation of A and ФPSII was 
fitted using a first-order linear regression. Differences between the slopes and the Y-intercept 
were statistically analyzed by comparing regression lines in the STATGRAPHICS Centurion 
XVI.I program (StatPoint Technologies, Inc., Warrenton, VA, USA). Statistical significance was 
set a priori at p ≤ 0.1. 
Results 
The 2010 growing season was warmer than average and experienced a precipitation gradient 
from high to low as the season progressed 
Growing season mean air temperature was ~ 1.6°C warmer than the 30-year mean (Table 
4.2). The highest deviation from long-term monthly means occurred in August, which was 2.2°C 
warmer than average. Monthly mean rainfall deviated from long-term means over much of the 
growing season.  Precipitation rates were substantially higher than the long-term means during 
May and June but July and August each experience about half of the normal rainfall. The 
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intensity of high-precipitation events were similar throughout the whole growing season, 
however, the frequency of storms were much greater in the first two than the last two months 
(Figure 4.1a). Due to the higher frequency of precipitation events early in the season, the daily 
accumulated solar radiation was more variable in May and June than in July and August (Figure 
4.1a). The days in which measurements were collected encompassed the variation in 
environmental conditions that occurred throughout the growing season (Figure 4.1; 
Supplementary Table 4.1). 
Elevated temperature decreased photosynthesis whereas elevated [CO2] had no effect 
Maize grown in heated treatments (eT and eT+eC) showed lower mean growing season 
photosynthetic rates by 6% compared to non-heated treatments (control and eC; Figure 4.2a; 
Tables 4.3 and 4.4). However, there was a statistically significant DOY by temperature 
interaction (Table 4.3), which was driven by greater high-temperature induced decreases in A 
during the second half of the growing season (Supplementary Tables 4.2 and 4.3).  There were 
no resolvable differences in A between the control and elevated CO2 plots at any point during the 
growing season (Figure 4.2a; Supplementary Tables 4.2 and 4.3).  Similar trends were observed 
for ФPSII as for A which led to a strong correlation between A and ФPSII (Figure 4.2a-b; Tables 4.3 
and 4.4).  There were no differences in the relationship of percentage change in A and ФPSII for 
any of the heated treatments relative to the non-heated treatments (Figure 4.3). Vpmax was reduced 
by 18% and Vmax by 12%, in the heated relative to the non-heated treatments (Figure 4.4; Tables 
4.3 and 4.4). There were no observable differences in either Vpmax or Vmax for eC relative to the 
control (Figure 4.4, Table 4.4). 
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Elevated CO2 decreased seasonally gs and both elevated CO2 and high temperature had a 
variable effect depending on the measurement day  
Averaged across the growing season elevated CO2 strongly reduced gs by ~29%. There 
was also a seasonally temperature by CO2 significant interaction on gs (Table 4.3). This was 
driven by gs decreases in eT+eC that were significantly lower than eT but similar than eC (Figure 
4.2c; Table 4.4). The independent effects of temperature and CO2 on gs varied based on the DOY 
(Table 4.3).  For the elevated CO2 treatments this interaction was driven by large reductions in gs 
on three of the five measurement days (Figure 4.2c; Supplementary Tables 4.2 and 4.3). Rising 
temperature increased gs on one day (DOY 188) but reduced it on two other days (DOY 217, 
231; Supplementary Tables 4.2 and 4.3).   
Similar to gs, the seasonal effects of CO2 alone, CO2 in combination with temperature and 
CO2 × DOY were significant for Ci, Ci/Ca and iWUE (Table 4.4). In the case of Ci, elevated CO2 
increased Ci on all measurement days (Tables 4.3 and 4.4; Supplementary Tables 4.2 and 4.3). 
Consequently, eC and eT+eC had higher Ci than control and eT+eC vs. eC were not significantly 
different between each other. In contrast, eT had lower Ci than the control. (Figure 4.2c; Table 
4.4). While Ci responses were dominated by the increase in atmospheric CO2 for the eC and the 
eT+eC treatments, normalizing Ci based on Ca (Ci/Ca) resulted in smaller percentage differences 
between the elevated vs non-elevated CO2 treatment comparisons (Figure 4.2f; Table 4.4).  The 
degree of the reduction in gs for eT vs. control were reflected in the reductions for Ci and Ci/Ca 
(Table 4.4; Supplementary Table 4.3). All treatments had higher iWUE than control. eT had 5% 
higher iWUE than control and eC together with eT+eC averaged a 44.1% higher iWUE than 
control (Figure 4.2d; Tables 4.3 and 4.4).  
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Leaf N was reduced by elevated temperature and CO2 while leaf C was only reduced by 
temperature 
Increases in CO2 and temperature individually caused reduction in leaf %N with mean 
decreases of 4.4% through the season (Tables 4.3 and 4.4), consequently, all treatments had a 
lower %N than control, (Figure 4.5a; Table 4.4).  There was a statistically significant 
temperature by CO2 interaction which was driven by a %N reduction in eT+eC that was not 
different from eT or eC. Higher temperatures resulted in a slight decrease in leaf %C that 
averaged to ~3% throughout the season (Figure 4.5b; Tables 4.3 and 4.4). 
Water and osmotic potential were reduced by rising temperature 
Elevated CO2 had no observable effect on leaf water potential (WP) or osmotic potential 
(OP) throughout the season. The elevated temperature treatments, however, had lower WP and 
OP for maize, resulting in ~13% and ~11% lower WP and OP in heated compared to non-heated 
treatments (Figure 4.6a-b; Tables 4.3 and 4.4). Between the treatment comparisons, eT+eC vs. 
eC showed the greatest difference in WP (18% lower) and OP (14% lower; Table 4.4). OP in the 
heated treatments was significantly lower on two of four days; OP was reduced by temperature 
in DOY 188 by 17% and in DOY 217 by 21% (Figure 4.6b). In those same days, WP had drastic 
reductions in the heated treatments, thus, the decline in WP can be driven by changed in OP, 
rather than turgor pressure (TP) which was not shown to change for any treatment (Figure 4.6; 
Tables 4.3 and 4.4).   
Soil moisture was depleted progressively throughout the season and had a variable response to 
temperature 
At the start of the growing season, soil moisture (Msoil) was at field capacity and 
gradually declined throughout the season. This response was consistent at the three depths of 
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measurements, although the greatest drawdown was observed in the surface layer and 
progressively diminished with depth (Figure 4.6d-f). Rainfall in the middle of the season caused 
a small and short-lived recovery in Msoil at the surface and middle layers (Figures 4.1a and 4.6d-
e). The deep layer Msoil continually declined throughout the season with a more rapid decline late 
in the season (Figure 4.6f) when longer roots were likely extracting deeper water. In the three 
measured layers of Msoil, the day by temperature interaction was significant (Table 4.3). The Msoil 
measured within one day of diurnal gas exchange measurements and two days of A/Ci curve 
measurements (DOY 160, 174, 188, 202, 216, 230) resulted in no temperature effect in the 
surface layer however Msoil was lower for the high temperature treatments in the middle layer on 
one day (3% of H2O%v/v lower on DOY 188) and in the deep layer on two days (DOY 216 and 
230 by ~1% of H2O%v/v; Figure 4.6e-f). 
Higher temperatures reduced yield but stimulated vegetative biomass 
Neither elevated CO2 nor high temperatures influenced total AGB or unit kernel weight 
(Figure 4.7a-g; Tables 4.3 and 4.4). However, higher temperatures altered how the AGB was 
partitioned into vegetative vs. reproductive biomass.  The SB was higher and the SY lower in the 
high temperature treatments relative to control (Figure 4.7b-c; Tables 4.3 and 4.4).  Similar 
trends were observed in eC; however, the eC vs. control was not statistically significant. The 
changes in AGB and SY led to decreases in HI for all the treatments relative to the control, 
however, the treatments did not differ from one other (Figure 4.7d; Tables 4.3 and 4.4).  Despite 
a longer cob length for maize grown in elevated temperature and/or [CO2], there were fewer 
kernels per cob (Figure 4.7e-f; Tables 4.3 and 4.4).  
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Discussion 
This study tested the predictions that (1) growth in elevated CO2 would have no impact 
on photosynthesis, above-ground biomass or yields of maize and that this response would occur 
regardless of growth temperature; (2) despite model predictions showing an increase in C4 
photosynthesis with rising temperatures, maize grown in higher temperature would have lower 
photosynthetic rates.  This prediction assumes that higher temperatures will drive a down-
regulation of key photosynthetic processes. And (3) the reduced photosynthetic rate at high 
temperatures will negatively impact above-ground biomass and yield. I also predicted that points 
(2) and (3) would be independent of growth CO2.  Elevated CO2 did not impact photosynthesis, 
above-ground ground biomass and yield (Figure 4.7; Tables 4.3 and 4.4), while the predictions 
for the second and third hypotheses were partially met. In the heated treatments (eT and eT+eC), 
there were reductions in Vpmax, Vmax and in ФPSII that were reflected on lower A only during the 
second half of the season (Figure 4.4; Supplementary Table 4.3). Different from the reduction in 
SY with rising temperature, AGB did not change among the treatments because the way AGB 
was partitioned into vegetative vs. reproductive growth varied with the treatment (Figure 4.7; 
Tables 4.3 and 4.4).  
Elevated CO2 and the increase in temperature had different effects on photosynthesis and 
growth parameters in maize. Elevated CO2 had no impact on photosynthesis, growth or yields of 
maize (Table 4.3) and this lack of CO2 effect was constant throughout the season (Figure 4.2a; 
Supplementary Tables 4.2 and 4.3). These findings are consistent with previous results for maize 
(Leakey et al., 2004; Leakey et al., 2006; Kim et al., 2007; Markelz et al., 2011) and other C4 
species (e.g., Ziska & Bunce, 1997; von Caemmerer et al., 2001). In contrast, elevated 
temperature resulted in a decrease in photosynthesis compared to non-heated maize.  However, 
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this effect was limited to the second half of the growing season (Figure 4.2a; Supplementary 
Tables 4.2 and 4.3), which coincided with the drier and warmer conditions (Figure 4.1). In C4 
plants, A is determined by the rates of PEPCase activity for the initial slope of the A/Ci curve and 
the plateau of the curve by Rubisco activity, electron transport rates, PEP regeneration and/or Pi 
regeneration capacity (von Caemmerer, 2000; Sage & Kubien, 2007).  Here, decreases in key 
photosynthetic activities related to carbon assimilation (Vpmax and Vmax) and electron transport 
rates, as determined from decreases in ФPSII, were observed under elevated temperature. These 
reductions likely were driving the decreases in A (eT vs. control and eT+eC vs eC; Figures 4.2b 
and 4.4; Tables 4.3 and 4.4).   
In higher plants, chloroplast electron transport is partitioned primarily between 
photosynthesis and photorespiration (Oberhuber & Edwards, 1993). In plants that use C4 
photosynthesis, photorespiration is minimized in most circumstance due to the establishment of 
high CO2 concentration in the bundle sheath.  Therefore, a close relationship between ФPSII 
activity and CO2 fixation has been observed (Oberhuber & Edwards, 1993). My results show a 
strong correlation in the percentage deviation of A and ФPSII when comparing heated vs. non-
heated treatments (Figure 4.3). While ФPSII reductions in high temperature treatments coincided 
with lower A (Figure 4.2a-b; Table 4.4; Supplementary Table 4.3), it is difficult to determine 
whether the reductions in ФPSII are driving the lower photosynthetic rates or are a consequence of 
reductions in the activity of enzymes like Rubisco and/or PEPcase. To further complicate these 
responses is the established relationship between the leaf photosynthetic capacity and nitrogen 
content (Evans, 1989). In C4 plants, decreases in photosynthesis are consistent with decreases of 
leaf N (Ghannoum & Conroy, 1998; Ghannoum et al., 2005), which was observed here (Figures 
4.2a and 4.5a).  However, reductions in leaf %N were also observed in the elevated CO2 
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treatment but did not appear to affect A (Figure 4.5a, Tables 4.3 and 4.4). Thus, it is not clear 
whether reduction in %N had an influence on A in the elevated temperature treatments. 
Temperature and CO2 had a variable effect on stomatal conductance throughout the 
growing season and there was also a statistically significant temperature by CO2 interaction on gs 
(Table 4.3) which was driven by lower gs on all but one measurement day for eC vs. control and 
on only three measurement days for eT+eC vs. eT (Figure 4.2c; Supplementary Table 4.3).  The 
responses of gs to elevated CO2 were similar to results from previous FACE studies where 
elevated CO2 was shown to decrease midday gs in maize by an average of ~34% (Leakey et al., 
2006; Markelz et al., 2011). Despite these decreases in gs, Ci has been shown to remain higher 
under elevated [CO2] (Leakey et al., 2004; Leakey et al., 2006) consistent with my findings 
(Figure 4.2e, Table 4.4, Supplementary Table 4.3). Even so, when normalized to atmospheric 
CO2 concentrations (Ca) within a treatment, Ci/Ca did not differ between the eC and control 
treatments but was higher in the eT+eC treatment relative to the eT treatment. These results show 
that at warming conditions, Ci/Ca is able to remain high with elevated [CO2] (eT+eC), something 
that did not happen under only increased temperature conditions (eT; Figure 4.2f). 
Intrinsic water use efficiency (iWUE) is determined both by A and gs. Because no 
changes in A but decreases in gs were observed in response to growth in elevated CO2, iWUE 
increased in the eC and eT+eC treatments relative to the control and eT, respectively (Figure 
4.2d, Table 4.4). Previous measurements of A and gs in maize have provided different responses 
of these parameters to rising temperature, for example researches showed an increase in both 
(Zheng et al., 2013), a decrease of A but increase of gs (Crafts-Brandner & Salvucci, 2002), or 
changes in A with no changes in gs (Kim et al., 2007).  Thus it is difficult to formulate a clear 
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prediction of how A and gs are influenced by increases in temperature. Despite the variable 
results that elevated temperature had on both A and gs throughout the season, my results showed 
that iWUE had a slightly increase at elevated temperature when compared eT vs. control (+5%; 
Table 4.4). Considering the treatments under elevated [CO2], iWUE in eT+eC did not differ from 
eC on three days of measurements and lower iWUE was present in eT+eC when higher gs was 
present in eT+eC compared to eC (Figure 4.2c-d; Supplementary Table 4.3). Consequently, any 
possible improvement in iWUE by rising temperature can be canceled under elevated CO2 
conditions.  
Despite the reduction of A by temperature, AGB did not differ between treatments 
(Figure 4.7a; Tables 4.3 and 4.4).  The elevated temperature treatment did not cause decreases in 
A until later in the growing season when background temperatures were higher and conditions 
became drier (Figure 4.1; Supplementary Table 4.3). Thus, the reduction in A is not likely to 
have impacted vegetative growth given non-reproductive biomass had already plateaued prior to 
the observed decreases in A. The links between AGB and photosynthesis could also be 
complicated by a shift in allocation to below-ground biomass. Decreases in root biomass with 
increases in temperatures (Poorter et al., 2012) suggest that the lack of differences in AGB 
despite lower photosynthetic rates can potentially be explained by decreased allocation of 
biomass to roots in higher temperatures. Given the destructive nature of below-ground 
measurements coupled with the relatively small plot sizes in this experiment, the impacts of the 
treatments on below-ground biomass was not possible. Even though the AGB being similar in all 
treatments, the decreased partitioning of biomass into harvested components resulted in 
decreased HI for the high temperature treatments relative to their respective controls (eT vs. 
control and eT+eC vs. eC; Figure 4.7d). 
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The decrease of SY in the heated treatments was driven by fewer kernels per cob despite 
longer cob length (Figure 4.7e-f; Tables 4.3 and 4.4). Fewer kernels per cob were likely caused 
by unsuccessful fertilization of the ovules during pollination and/or abortion of fertilized ovules 
(Nielsen, 2013). While it is not clear from the current study what factors could influence 
unsuccessful fertilization, research has indicated that higher temperatures can promote 
desiccation of silks making them less receptive to pollen (Schoper et al., 1987). High 
temperatures can also increase cob length, as observed here (Figure 4.7f; Table 4.4), which 
delays the emergence of silks and reduces the time that silks are exposed to pollen (Nielsen, 
2013). Finally, high temperatures can reduce pollen viability by reducing pollen moisture 
(Fonseca & Westgate, 2005). Abortion of fertilized ovules has also been linked to reduced 
photosynthetic activity by biotic or abiotic factors (Setter et al., 2001; Nielsen, 2013) including 
heat stress.  
While there was a gradual reduction in precipitation (Figure 4.1) and Msoil (Figure 4.6d-
f), drought conditions were not present during the 2010 growing season (Hussain et al., 2013). 
Because the air temperature was artificially increased in the heated plots, these plants likely used 
more water (Kimball, 2005). Maize growing under elevated temperature had lower leaf WP 
(Figure 4.6a, Table 4.4), however, the values were within the range reported for field-grown 
maize in 2004 when water limitation was not apparent (Leakey et al, 2006). Previous research 
indicates that increases in A due to elevated [CO2] is likely to occur when maize experiences 
drought conditions but not under well water conditions (e.g., Leakey et al., 2004; Leakey et al., 
2006; Markelz et al., 2011). Because there were no CO2-induced increases in photosynthesis 
under the lower or high temperature treatments (eC vs. control and eT+eC vs. eT; Table 4.4), it 
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can be assumed that the higher water demand in the heated treatments did not induce significant 
water stress.   
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Tables and Figures 
 
Date DOY 
Developmental 
stage 
Description 
28-Apr-10 118 
 
planting 
10-Jun-10 161 V8-V9 vegetative growth 
24-Jun-10 175 (176) V14-V16 vegetative growth 
7-Jul-10 188 (189) V18, VT, R1-R2 tasseling, silking, blister 
21-Jul-10 (204) R3 milk 
5-Aug-10 217 (218) R4-R5 dough, dent 
19-Aug-10 231 R6 physiological maturity 
14-Sep-10 257   harvesting 
 
Table 4.1. Calendar date and day of year (DOY) when the gas exchange (5 days) and A/Ci 
curves (4 days, indicated in bold and inside parenthesis) measurements were done in maize at the 
T-FACE (Temperature by Free Air CO2 Enrichment) plots. Planting and harvesting days, 
together with maize developmental stages and stage descriptions according to Ritchie et al. 
(1993) are included. 
 
  
104 
 
Temperature 
(°C) 
May Jun Jul Aug 
4-month 
mean 
Annual 
mean 
30-year mean 16.44 21.61 23.49 22.34 20.97 10.43 
2010 17.50 23.22 24.89 24.50 22.53 10.78 
deviation 1.1 1.6 1.4 2.2 1.6 0.3 
Precipitation 
(mm) 
May Jun Jul Aug 
4-month 
mean 
Annual 
mean 
30-year mean 106.88 98.43 113.23 99.44 417.99 968.70 
2010 126.24 213.61 65.79 46.99 452.63 912.37 
deviation 19.4 115.2 -47.4 -52.5 34.6 -56.3 
%deviation 18.1 117.0 -41.9 -52.7 8.3 -5.8 
 
Table 4.2. Mean temperature (°C) and precipitation (mm) at annual, 4-month and monthly 
ranges during a 30-year period and in 2010. The deviations and percentage deviations of 2010 
compared to the 30-year mean are indicated. 
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  Main effects 
  CO₂ Temp 
Temp×              
CO₂ 
DOY 
DOY×               
CO₂ 
DOY×               
Temp 
DOY×               
Temp× 
CO₂ 
2010 
A ns <0.008 ns <0.001 ns <0.08 ns 
ФPSII ns <0.003 ns <0.001 ns <0.03 ns 
Vpmax ns <0.003 ns <0.001 ns ns ns 
Vmax ns <0.001 ns <0.001 ns ns ns 
gs <0.001 ns <0.04 <0.001 <0.001 <0.1 ns 
Cᵢ <0.001 ns <0.06 <0.001 <0.001 ns ns 
Cᵢ /Cₐ <0.001 ns <0.04 <0.001 <0.001 ns ns 
iWUE <0.001 ns <0.05 <0.001 <0.001 ns ns 
%N <0.09 <0.003 <0.02 <0.001 ns ns ns 
%C ns <0.001 ns <0.001 ns ns ns 
WP ns <0.006 ns <0.001 ns ns ns 
OP ns <0.001 ns <0.001 ns <0.005 ns 
TP ns ns ns <0.001 ns ns <0.09 
Msoil - surface ns ns ns <0.001 ns <0.001 ns 
Msoil - middle ns ns ns <0.001 ns <0.001 ns 
Msoil - deep ns ns ns <0.001 ns <0.05 ns 
AGB ns ns ns ― ― ― ― 
SB ns <0.09 ns ― ― ― ― 
SY ns <0.007 ns ― ― ― ― 
HI ns <0.001 <0.005 ― ― ― ― 
kernels per cob ns <0.008 <0.07 ― ― ― ― 
unit kernel weight ns ns ns ― ― ― ― 
cob length <0.03 <0.04 ns ― ― ― ― 
 
Table 4.3. Complete block analysis of variance (ANOVA; with or without repeated measures) 
for the seasonal data of: photosynthetic carbon uptake (A), quantum yield efficiency of the 
photosystem II (ФPSII), maximum PEP carboxylation rate (Vpmax), [CO2]-saturated rate of A 
(Vmax), stomatal conductance (gs), intercellular [CO2] (Ci), the rate of Ci to the atmospheric [CO2] 
(Ci/Ca), intrinsic water use efficiency (iWUE), percentage of leaf nitrogen (%N) and carbon 
(%C), water potential (WP), osmotic potential (OP), turgor pressure (TP), soil moisture (Msoil) at 
three layers (surface, middle and deep), above-ground biomass (AGB), stem biomass (SB), seed 
yield (SY),  harvest index (HI), kernels per cob, unit kernel weight and cob length from maize  
grown in a CO2 by temperature interaction. The main effects are: [CO2] (CO2), temperature 
(Temp) and day of the year (DOY). The statistically significant differences (p<0.1) and non-
statistical significance (ns) are shown in the table. Main effects not applied are indicated with a 
line (―). 
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% Deviation in main 
effects 
  % Deviation     
  CO₂ Temp   
eC vs.                
control 
eT vs.                
control 
eT+eC vs. 
control 
eT+eC 
vs.         
eT 
eT+eC 
vs.         
eC 
2010 
A 0.9 -5.5 *   0.7 -5.7 * -4.7 1.1 -5.3 * 
ФPSII 0.2 -6.0 *   -0.6 -6.9 * -5.8  1.1 -5.2 * 
Vpmax -0.5 -18.2 *   3.0 -15.0 * -18.9 -4.5 -21.2 * 
Vmax -2.6 -11.8 *   -1.1 -10.3 * -14.2 * -4.4 -13.3 * 
gs -28.6 * -5.3   -33.2 * -10.5 * -31.6 * -23.6 * 2.4 
Cᵢ 77.7 * -1.9   63.6 * -11.9 * 70.6 * 93.7 * 4.3 
Cᵢ /Cₐ 17.5 * -3.6   8.1 -12.1 * 12.7 * 28.2 * 4.3 
iWUE 40.4 * 0.8   45.7 * 5.3 * 42.5 * 35.2 * -2.3 
%N -4.7 * -4.1 *   -7.7 * -7.2 * -8.5 * -1.4 -0.8 
%C 0.1 -2.7 *   -0.2 -2.9 * -2.6 * 0.3 -2.4 * 
WP 1.5 -13.4 *   5.6 -9.0 -11.4 * -2.2 -18.0 * 
OP 2.8 -11.2 *   5.1 -8.7 * -8.0 * 0.7 -13.8 * 
TP 2.4 5.5   -5.2 -2.2 7.7 10.2 13.7 
Msoil - surface 0.5 -3.6   3.0 -1.1 -3.1 -2.0 -6.0 
Msoil - middle 3.9 -2.8   4.7 -2.0 1.0 3.1 -3.5 
Msoil - deep 0.8 -1.1   0.6 -1.2 -0.3 0.9 -0.9 
AGB -1.3 -2.0   0.8 0.1 -3.3 -3.4 -4.1 
SB 3.9 16.4 *   14.4  27.5 * 22.0 * -4.3 6.6 
SY -6.9 -14.7 *   -11.1 -18.7 * -20.1 * -1.6 -10.1 
HI -4.3 -12.4 *   -11.8 * -19.6 * -15.5 * 5.1 -4.1 
kernels per cob -2.7 -12.9 *   -9.1 * -19.1 * -14.7 * 5.4 -6.2 
unit kernel weight -4.3 -1.9   -5.8 -3.5 -6.2 -2.8 -0.3 
cob length 21.9 * 19.9 *   29.4 * 27.4 * 47.6 * 15.9 14.0 
 
Table 4.4. The seasonal percentage (%) deviations from control and between treatments are 
shown for the variables listed in Table 4.3. Negative values indicate a reduction while positive 
values an increase in the rate of parameters. Statistically significant differences of the pair-wise 
comparisons are indicated (*).  
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Figure 4.1. Daily values for the meteorological conditions in the 2010 growing seasons. A: total 
solar radiation (black circles) and precipitation (grey bars). B: vapor pressure deficit (D, dotted-
grey line), mean air temperature (black circles) with the maximum and minimum values (top and 
bottom of the error bars). Days in which the gas exchange measurements were done are indicated 
with triangles. 
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Figure 4.2. Photosynthetic carbon uptake (A; A), quantum yield efficiency of the photosystem II 
(ФPSII; B), stomata conductance (gs; C), intrinsic water use efficiency (iWUE; D), intercellular 
[CO2] (Ci; E), and the rate of Ci to the atmospheric [CO2] (Ci/Ca; F) for the days of 
measurements. Each bar represents the daily mean values per treatment. Seasonal means for each 
variable are also presented at the right of each graph. Error bars represent 1 SE. 
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Figure 4.3.  Linear regressions between the % deviation of A and ФPSII for three heated vs. no 
heated treatment comparisons. Each value represents the % deviation of the indicated 
comparison from the plot mean per hourly time point for all the diurnal days. The inset table 
indicates the corresponding symbol and line format, treatment comparisons, the slope, Y-
intercept and r
2
 for the fitted lines. The constants for the not drawn lines between the two no 
heated treatments and between the two heated treatments are: m=0.9988, b=0.995 and r
2
=0.50 
for eC vs. control; m=0.8442, b=1.510 and r
2
=0.52 for eT+eC vs. eT. 
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Figure 4.4. The maximum PEP carboxylation rate (Vpmax; A) and the [CO2]-saturated rate of A 
(Vmax; B) calculated from the A/Ci curves taken at four days during the growing season. Each bar 
represents the mean per treatment in a day. Seasonal means for each variable are also presented 
at the right of each graph. Error bars represent 1 SE. 
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Figure 4.5. Percentage of leaf nitrogen (%N; A) and carbon (%C, B) in maize during the 2010 
growing season. Each symbol represents the treatment mean in a day. Bars at the right of each 
graph represent seasonal means; bar symbols are as in Figure 4.3. Error bars represent 1 SE. 
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Figure 4.6. Water potential (WP), osmotic potential (OP) and turgor pressure (TP) for the days 
of measurements are shown in A-C. Seasonal means for each treatment are presented in the right 
in each graph. Error bars represent 1 SE. Msoil for the surface, middle and deep layers at multiple 
days throughout the season are represented in D-F. Days analyzed with pair-wise comparisons t-
test are indicated by arrows. The intervals for the SE values are shown at the lower left corner of 
each graph. 
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Figure 4.7. Means for the above-ground biomass (AGB; A), stem biomass (SB, B), seed yield 
(SY; C), harvest index (HI; D), kernels per cob (E), cob length (F) and unit kernel weight (G). 
Error bars represent 1 SE. 
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CHAPTER 5: GENERAL CONCLUSION 
 
This thesis had the main goals of understanding how photosynthesis, growth and 
development of the major C3 and C4 crops, soybean (Glycine max L.) and maize (Zea mays), will 
respond to increasing atmospheric [CO2] and the consequent rise in ambient temperature (IPCC, 
2007; IPCC, 2013). Soybean and maize were chosen for this research based on their relevance to 
food supply and their economic and ecologic importance both within the US and globally. These 
crops together cover over 70 million hectares in the US (USDA-NASS, 2013), making the US 
the major worldwide producer of these crops (USDA-FAS, 2014). The common agricultural 
practice in the Midwest area is the annual rotation of soybean and maize. To better understand 
the effects of climate change in the Midwestern US, it is important to understand how both 
species will respond to increases in CO2 and temperature. 
Previous research had evaluated the effects of increasing CO2 and/or temperature in the 
growth of these two crops using different techniques like controlled environments or by using 
historical data (Labate et al., 1990; Bunce, 1993; Leakey et al., 2004; Rogers et al., 2004; 
Bernacchi et al., 2006; Leakey et al., 2006; Kim et al., 2007; Lobell & Field, 2007; Kucharik & 
Serbin, 2008; Schlenker & Roberts, 2009). However, when studying the effects of elevated CO2 
on vegetation, Free Air CO2 Enrichment technology (FACE) is the best option currently 
available because it allows for plants grown in the field without altering micrometeorology, 
canopy architecture, or interactions with other organisms while providing large study areas 
(Ainsworth et al., 2008a). Additionally, key differences between the results obtained by 
controlled environments and FACE experiments have been observed that can introduce large 
errors to climate change predictions. For example, there is an overestimation of yield in 
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controlled experiments compared to FACE experiments (Long et al., 2006). When considering 
the crops studied in this thesis, yield predicted using artificial growth conditions were shown to 
increase in elevated CO2 by 27% in soybean and above 20% for C4 crops like maize but FACE 
results only showed increases of 14% for soybean and no change for maize yield.  
Because increases in CO2 are intricately linked to global mean temperatures, FACE 
technology was used together with a heating array system to warm the plant canopy that was 
developed and adapted from Kimball (2005) and Kimball et al. (2008). Despite the FACE 
technology having been used for more than 20 years, the research in this thesis was the first 
experiment that tested the interactive effects of elevated [CO2] and temperature under field 
conditions on major crops. Further, the research in this thesis was the first to simulate in-field 
heating to 3.5 °C above background temperatures through the upgrade and redesign of existing 
infrared heating technologies. 
The objectives for Chapter 2 were to quantify and understand the photosynthetic and 
growth response of soybean to increases in CO2 and temperature. Thus, photosynthetic 
parameters, stomatal conductance and intercellular [CO2] were measured in two growing seasons 
together with leaf water potential, above-ground biomass and yield data. The two years when the 
experiment was conducted, 2009 and 2011, were very different in meteorological conditions. 
The 2009 growing season was cool with near-average precipitation while the 2011 growing 
season was warm with reduced precipitation. The weather characteristics of these growing 
seasons allowed testing the hypothesis under variable conditions. It was hypothesized that the 
increase of temperature will result in lower photosynthesis, biomass and yield; while the 
combination of elevated CO2 and temperature will allow higher photosynthetic rates, biomass 
and yield than plants under only elevated [CO2]. The results showed that the increase of 
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temperature tended to decrease photosynthesis, biomass and yield, and that these decreases can 
be attributed to declines in stomatal conductance and intercellular [CO2], although down 
regulation of biochemical parameters for photosynthesis (e.g., Rosenthal et al., submitted) can 
also be influencing these results. The combination of elevated CO2 and warmer temperature did 
not drive the highest photosynthesis and yield as predicted from the theory (Long, 1991). 
Alternatively, photosynthesis, above-ground biomass and yield were not different in the elevated 
CO2 plus temperature treatment when compared to the only elevated CO2 treatment during 2009 
and these were decreased in 2011. The effects of temperature and the CO2 effects were amplified 
during 2011 and the combined treatment showed that CO2 partially mitigated the impact of 
temperature on photosynthesis but not on yield. Additionally, it was found that at current and 
future CO2 conditions, soybean is primarily limited by the process of RuBP regeneration, which 
addresses the importance of this limiting process in soybean productivity. In general, these 
results give a better understanding of soybean physiological responses and the involved 
mechanisms when grown under two climate change factors, elevated [CO2] and high 
temperatures. 
The increase of temperature not only affected growth processes, it also played an 
important role in the determination of plant development. In Chapter 3, I investigated how 
soybean development was affected by the increase of temperature with or without elevated 
[CO2]. I predicted faster vegetative and reproductive development with high temperatures at 
ambient and elevated [CO2]; and in the case of reproductive development, this acceleration could 
offset the reproductive development delay observed previously for soybean grown under 
elevated [CO2] (Castro et al., 2009). The T-FACE experiment was again conducted during the 
2009 and 2011 growing seasons and relied on the analysis of growing degree days (GDD). This 
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method is frequently used to describe the timing of biological processes and is based on the 
requirement for an amount of thermal time for the progression through development (e.g., 
McMaster & Wilhelm, 1997; Campbell & Norman, 1998). Beyond predicting developmental 
stages using weather data, the importance of the GDD method relies on its general use by 
farmers or organizations that focus on agricultural information. As predicted, I observed that an 
increase in temperature accelerated vegetative development. The formation of nodes was 
increased either with the increase in temperature and/or high [CO2]. Consequently, the 
combination of increased temperature and CO2 produced the highest number of nodes in 2011, 
the hotter year. Rising temperature counteracted the delay by CO2 in reproductive development 
and for both years the starting of flowering was accelerated with temperature. However, the 
progression through developmental stages in the elevated temperature treatment showed strong 
deviation from what would be predicted based on the accumulation of GDD. In general, these 
results showed that under climate change conditions (increasing CO2 together with temperature), 
plants add more nodes and have a longer vegetative growth period. There is not an appreciable 
change in the length for the whole reproductive period when increased CO2 and temperature are 
combined because of their opposite effects. Although, the effects of CO2 and temperature can be 
observed on certain stages (e.g., delayed in R3 to R5 or longer R2) and impact yield if essential 
periods for pod formation and seed weight accumulation are negatively affected. 
Unlike soybean, maize employs the C4 photosynthetic pathway in which its ribulose-1,5-
bisphosphate (RuBP) carboxylase/oxygenase enzyme (Rubisco) is already saturated under 
ambient [CO2] (von Caemmerer & Furbank, 2003) and has a high temperature optimum for 
photosynthesis (Sage, 2002; Sage & Kubien, 2007). Consequently, the already described changes 
in photosynthesis and biomass for soybean under increased CO2 and temperature (in Chapter 2) 
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cannot be applied to maize. In Chapter 4, the effects of elevated CO2 and temperature in the 
photosynthetic response, above-ground biomass and yield of maize were evaluated. Similar to 
previous findings (Leakey et al., 2006; Markelz et al., 2011), it was found that elevated CO2 did 
not stimulate photosynthesis or growth. On the other hand, the increase of temperature reduced 
photosynthesis and this decrease was related to the down-regulation of photosynthetic enzymes 
and to lower electron transport rate. The increase in temperature also reduced the number of 
kernels per cob, a variable linked to the plant photosynthetic capacity. As a result, yield was 
decreased with high temperatures. Interestingly, the increase of temperature stimulated the 
accumulation of stem biomass and reduced seed yield, responses that were reflected in the lack 
of change for the above-ground biomass. These results suggest that maize productivity is highly 
sensitive to temperature and that yield production will likely decrease in the Midwest with 
warmer conditions, supporting previous modeling studies (Kucharik & Serbin, 2008; Schlenker 
& Roberts, 2009; Lobell et al., 2013). 
A continuously increasing human population means a higher demand for food, thus it is 
important to understand how crops will response to climate change to guarantee human food 
sources as well as other agricultural services. Some possible adaptations to climate change that 
can avoid the decreases in yield are related to the date of planting and harvesting, the utilization 
of cultivars already used in warmer areas, the implementation of irrigation systems, changes in 
fertilization rates or the developing of new cultivars resistant to stresses (Howden et al., 2007). 
Without a better understanding of the mechanisms behind plant responses to climate change 
factors, adaptation cannot be possible (Ainsworth et al., 2008b). In fact, one of the more urgent 
necessities may be to adapt crops to the predicted increases in temperature (Ainsworth & Ort, 
2010). The evidence presented in this thesis showed that more disadvantages than advantages 
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were obtained in photosynthesis and growth when both crops were exposed to warmer 
temperatures either at ambient or elevated [CO2]. Elevated [CO2] helped to mitigate to some 
extent the reduction by temperature on photosynthesis and growth for the C3 crop (soybean), 
however, lower yields were still observed during the hotter growing season. On the other hand, 
high temperatures decreased photosynthesis and yield in the C4 crop (maize) and elevated CO2 
did not mitigate these reductions. In general, this work allowed identifying some of the principal 
physiological drivers of the photosynthetic and growth responses for soybean and maize under 
conditions of high [CO2] and temperature. 
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APPENDIX I  
(Supplementary information for Chapter 2)
 
Supplementary Figure 2.1. Carbon assimilation (A) per treatment for the different time points 
measured in each sampling day during 2009. Symbols in red represent A under Rubisco -limited 
photosynthesis while symbols in black represent A under RuBP regeneration-limited 
photosynthesis. Daily values (except for DOY 261) of maximum carboxylation capacity 
(Vcmax@25), maximum linear electron transport through photosystem II (Jmax@25) and respiration in 
the light (Rd@25) were taken from Rosenthal et al. (submitted). Error bars represent 1 SE.  
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Supplementary Figure 2.2. Carbon assimilation (A) per treatment for the different time points 
measured in each sampling day during 2011. Symbols in red represent A under Rubisco -limited 
photosynthesis while symbols in black represent A under RuBP regeneration-limited 
photosynthesis. Daily values (except for DOY 214) of maximum carboxylation capacity 
(Vcmax@25), maximum linear electron transport through photosystem II (Jmax@25) and respiration in 
the light (Rd@25) were taken from Rosenthal et al. (submitted). Error bars represent 1 SE. 
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Supplementary Figure 2.3. T-FACE (Temperature by Free Air CO2 Enrichment) plots used six 
heaters, each with four 1000W infrared heaters tilted toward the center of the plots at 45° from 
horizontal, suspended 1.2 m above the canopy and arranged in a hexagonal pattern (e.g., Kimball 
et al., 2008) to increase 7.1 m
2 
of the canopy surface to a target temperature of 3.5 °C above 
ambient temperature. These T-FACE plots in the picture are inside an elevated [CO2] plot. 
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Supplementary Figure 2.4. Daily mean canopy temperature (Tc; A and B) and the difference in 
surface temperature due to heating (C and D) over the 2009 (A and C) and 2011 (B and D) 
growing seasons. The error bars on A and B represent the daily minimum and maximum surface 
temperatures. The dotted lines in C and D represent the target temperature difference and the 
green and blue lines represent the mean seasonal differences within a [CO2] level.  E (2009) and 
F (2011) show the mean Tc over the diel time course averaged over each growing season and the 
error bars represent 1 SE.  In all panels the symbols represent the mean for four replicates in each 
treatment.  
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Date DOY (2009) 
Developmental 
stage 
Description 
9-Jun-09 160 
 
planting 
2-Jul-09 183 V2-V3 vegetative growth 
16-Jul-09 197 V6-V7,R1 beginning bloom 
29-Jul-09 210 V9-V10, R2 full bloom 
12-Aug-09 224 V13, R4-R5 full pod, beginning seed 
26-Aug-09 238 V14-V15, R5 beginning seed 
9-Sep-09 252 V15-V16, R6 full seed 
18-Sep-09 261 V15-V16, R6-R7 beginning maturity 
24-Sep-09 267   harvest 
    
Date DOY (2011) 
Developmental 
stage 
Description 
8-Jun-11 159 
 
planting 
5-Jul-11 186 V3-V4 vegetative growth 
19-Jul-11 200 V7, R1-R2 beginning and full bloom 
2-Aug-11 214 V10-V11, R2 full bloom 
16-Aug-11 228 V13-V15,R4-R5 full pod, beginning seed 
30-Aug-11 242 V14-V16, R5 beginning seed 
8-Sep-11 251 V15-V16, R6 full seed 
18-Oct-11 291   harvest 
 
Supplementary Table 2.1. Calendar date and day of year (DOY) corresponding to the gas 
exchange measurements for Glycine max during 2009 and 2011 at the T-FACE (Temperature by 
Free Air CO2 Enrichment) plots. The soybean developmental stages and stage descriptions 
following Ritchie et al. (1993) in the days of measurement are included. 
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DOY 
2009 
Mean 
Temp 
(°C) 
Min Temp 
(°C) 
Max Temp 
(°C) 
VPD 
(kPa) 
Sol Rad 
(MJ d
-1
) 
Precip 
(mm) 
183 19.5 16.7 22.3 1.2 17.9 0.0 
197 22.2 17.0 26.5 1.6 28.6 0.3 
210 21.0 17.9 24.5 1.5 25.3 0.5 
224 21.1 15.2 26.3 1.8 26.7 0.0 
238 22.0 15.3 27.7 1.6 21.2 0.0 
252 19.2 15.6 23.8 1.0 10.9 0.0 
261 17.2 8.9 24.7 2.4 22.2 0.0 
       
DOY 
2011 
Mean 
Temp 
(°C) 
Min Temp 
(°C) 
Max Temp 
(°C) 
VPD 
(kPa) 
Sol Rad 
(MJ d
-1
) 
Precip 
(mm) 
186 24.6 17.3 29.8 2.2 30.6 0.0 
200 28.6 23.6 33.7 1.8 23.1 0.1 
214 27.5 21.9 32.5 2.5 27.0 0.0 
228 21.1 15.0 27.0 2.2 24.4 0.0 
242 21.0 13.6 27.4 2.2 20.7 0.6 
251 15.5 10.5 20.9 1.2 12.3 3.9 
 
Supplementary Table 2.2. Day of year (DOY), mean temperature (Mean Temp), minimum 
(Min Temp) and maximum temperature (Max Temp), vapor pressure deficit (VPD), solar 
radiation and precipitation (Precip) during the diurnal measurement days for 2009 and 2011. 
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  Main effects 
DOY CO₂ Temp Temp×CO₂ Time Time×CO₂ Time×Temp Time×Temp×CO₂ 
2009 A 
      
183 0.022 0.021 ns <.0001 0.001 ns ns 
197 0.004 ns ns <.0001 ns ns ns 
210 0.030 0.089 ns <.0001 ns ns ns 
224 0.029 ns 0.023 <.0001 ns ns ns 
238 0.042 ns 0.093 <.0001 ns ns ns 
252 0.070 ns 0.068 0.000 ns ns ns 
261 ns ns ns 0.002 ns ns ns 
 
gs       
183 0.006 ns ns <.0001 <.0001 ns ns 
197 <.0001 0.000 ns <.0001 ns ns ns 
210 <.0001 <.0001 0.003 <.0001 ns ns ns 
224 0.024 <.0001 0.015 <.0001 ns 0.015 ns 
238 0.007 ns ns <.0001 0.039 0.083 ns 
252 <.0001 0.000 ns <.0001 ns ns ns 
261 ns ns ns 0.000 ns ns ns 
 
Ci       
183 <.0001 0.054 ns <.0001 0.004 ns ns 
197 <.0001 <.0001 0.087 <.0001 0.004 ns ns 
210 <.0001 <.0001 ns <.0001 0.045 ns ns 
224 0.001 <.0001 ns <.0001 0.001 ns ns 
238 <.0001 0.082 ns <.0001 0.001 ns ns 
252 <.0001 <.0001 0.008 <.0001 0.026 ns ns 
261 <.0001 ns ns ns ns ns ns 
 iWUE 
      
183 0.001 ns ns <.0001 0.005 ns ns 
197 0.000 0.000 ns <.0001 0.006 ns ns 
210 <.0001 <.0001 ns <.0001 0.071 ns ns 
224 0.000 <.0001 ns <.0001 0.002 ns ns 
238 0.000 ns ns <.0001 0.001 ns ns 
252 <.0001 <.0001 0.021 <.0001 0.040 ns ns 
261 0.001 ns ns ns ns ns ns 
 
Supplementary Table 2.3.  Complete block repeated measures (day of year, DOY) analysis of 
variance for photosynthetic carbon assimilation (A), stomatal conductance (gs), intercellular 
[CO2] (Ci), and intrinsic water use efficiency (iWUE) for soybean grown under control, elevated 
temperature, elevated [CO2] and elevated [CO2] + elevated temperature at the T-FACE 
experiment during the 2009 growing season. The main effects significance (p<0.1) and non-
statistical significance (ns) are shown in the table.  
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  Main effects 
DOY CO₂ Temp Temp×CO₂ Time Time×CO₂ Time×Temp Time×Temp×CO₂ 
2011 A 
      
186 <.0001 ns ns <.0001 0.003 ns ns 
200 <.0001 <.0001 ns <.0001 ns ns ns 
214 0.019 <.0001 ns <.0001 ns ns ns 
228 <.0001 0.002 0.067 <.0001 ns ns ns 
242 0.011 <.0001 ns <.0001 ns ns ns 
251 0.018 ns ns <.0001 ns 0.057 ns 
 gs       
186 0.000 0.004 ns ns ns ns ns 
200 0.026 <.0001 ns ns ns ns ns 
214 0.010 <.0001 ns <.0001 ns 0.024 ns 
228 0.096 0.000 0.012 0.000 ns ns ns 
242 ns 0.000 0.060 <.0001 ns 0.008 ns 
251 0.079 0.001 ns 0.024 ns ns ns 
 Ci       
186 <.0001 0.000 ns ns ns ns ns 
200 <.0001 0.000 ns ns ns ns ns 
214 <.0001 0.000 ns <.0001 0.046 0.083 ns 
228 <.0001 0.000 ns 0.025 ns ns ns 
242 <.0001 <.0001 ns <.0001 0.011 ns ns 
251 <.0001 <.0001 0.017 0.000 ns ns ns 
 iWUE       
186 <.0001 0.000 ns ns ns ns ns 
200 0.000 0.000 ns ns ns ns ns 
214 <.0001 0.000 ns <.0001 0.056 0.085 ns 
228 <.0001 0.000 ns 0.035 ns ns ns 
242 <.0001 <.0001 ns <.0001 0.014 ns ns 
251 0.000 <.0001 0.018 0.000 ns ns ns 
 
Supplementary Table 2.4.  Complete block repeated measures (day of year, DOY) analysis of 
variance for photosynthetic carbon assimilation (A), stomatal conductance (gs), intercellular 
[CO2] (Ci), and intrinsic water use efficiency (iWUE) for soybean grown under control, elevated 
temperature, elevated [CO2] and elevated [CO2] + elevated temperature at the T-FACE 
experiment during the 2011 growing season. The main effects significance (p<0.1) and non-
statistical significance (ns) are shown in the table. 
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APPENDIX II  
(Supplementary information for Chapter 4) 
 
 
 
Supplementary Figure 4.1. Photo of one heated plot at T-FACE (Temperature by Free Air CO2 
Enrichment), that is inside an elevated CO2 plot. The hexagonal array of the six heaters allowed 
increasing the canopy temperature on 3.5°C. 
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Supplementary Figure 4.2. Difference in surface temperature due to heating (∆T; A) and daily 
mean canopy temperature (T; B) during the 2010 growing season. The lines represent the mean 
tendency of the data and the colored areas the 95% confident intervals. In all panels the circle 
symbols represent the mean for four (control, eC and eT) or three (eT+eC) replicates in each 
treatment. 
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DOY 
Mean  
Temp (°C) 
Min.  
Temp (°C) 
Max.  
Temp (°C) 
D        
(kPa) 
Solar 
Radiation   
(MJ d¯¹) 
Precipitation 
(mm) 
161 22.95 16.67 28.06 2.17 23.78 0.25 
175 23.20 19.24 26.42 1.51 31.08 0.00 
176 23.42 18.67 27.68 1.76 28.71 0.25 
188 27.37 21.50 32.56 2.77 25.85 0.25 
189 26.12 23.35 29.21 1.56 21.59 0.51 
204 28.34 24.90 31.89 1.54 24.64 0.00 
217 24.78 19.42 29.38 1.85 25.65 0.25 
218 21.51 15.69 26.28 1.73 26.35 0.00 
231 25.23 18.37 31.43 2.42 23.56 0.00 
 
Supplementary Table 4.1. Day of year (DOY), mean, minimum, and maximum temperatures 
(Mean Temp, Min. Temp, Max. Temp), vapor pressure deficit (D), solar radiation and 
precipitation during the days of gas exchange and A/Ci curves measurements in 2010. 
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ST 4.2 Main effects           
DOY CO₂ Temp 
Temp×        
CO₂ 
Time 
Time×         
CO₂ 
Time×         
Temp 
Time×         
Temp×CO₂ 
2010 A             
161 ns ns ns <0.001 ns ns ns 
175 ns ns <0.04 <0.001 ns ns ns 
188 ns ns ns <0.001 ns ns ns 
217 ns <0.001 ns <0.001 ns ns ns 
231 ns <0.02 ns <0.001 ns ns ns 
  ФPSII             
161 ns ns ns <0.001 ns <0.07 ns 
175 ns ns ns <0.001 ns ns ns 
188 ns <0.05 ns <0.001 ns ns ns 
217 ns <0.001 ns <0.001 ns ns ns 
231 ns <0.001 ns <0.001 ns ns <0.05 
  gs             
161 <0.02 ns ns <0.001 <0.003 ns ns 
175 <0.001 ns <0.05 <0.001 ns ns ns 
188 ns <0.05 <0.003 <0.001 ns ns <0.04 
217 <0.001 <0.009 ns <0.001 ns ns ns 
231 ns <0.006 ns <0.001 ns ns ns 
  Ci             
161 <0.05 ns ns <0.001 <0.05 ns ns 
175 <0.002 ns ns <0.01 ns ns ns 
188 <0.004 ns <0.03 <0.009 ns ns ns 
217 <0.001 ns ns <0.001 ns <0.05 ns 
231 <0.001 ns ns ns ns ns ns 
  Cᵢ / Cₐ             
161 ns ns ns <0.001 ns ns ns 
175 ns ns ns <0.08 ns ns ns 
188 <0.04 ns <0.02 <0.004 ns ns ns 
217 ns ns ns <0.001 ns <0.06 ns 
231 <0.001 <0.09 ns ns ns ns ns 
  iWUE             
161 <0.001 ns ns <0.001 <0.04 ns ns 
175 <0.001 ns ns ns ns ns ns 
188 <0.02 ns <0.03 <0.004 ns ns ns 
217 <0.001 <0.08 ns <0.001 ns <0.05 ns 
231 <0.001 ns ns ns ns ns ns 
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 ST 4.3 
% Deviation in main 
effects 
  % Deviation     
  CO₂ Temp   
eC vs. 
control 
eT vs. 
control 
eT+eC vs. 
control 
eT+eC vs. 
eT 
eT+eC vs. 
eC 
2010 A               
161 -1.2 1.4   -3.6 -1.1 0.2 1.3 3.9 
175 2.3 -1.1   -3.6 -6.9 1.2 8.7 5.0 
188 6.2 0.2   8.0 2.0 6.4 4.4 -1.4 
217 0.3 -14.9 *   0.5 -14.7 * -14.7 * 0.1 -15.1 * 
231 2.0 -12.9 *   2.9 -12.0 * -11.3 0.9 -13.8 * 
  ФPSII               
161 -0.2 -0.8   -0.6 -1.2 -1.0 0.2 -0.5 
175 1.0 -2.7   -1.6 -5.2 -1.7 3.7 -0.1 
188 4.4 -4.9 *   7.3 -2.1 -0.7 1.4 -7.5 * 
217 0.1 -17.1 *   -0.4 -17.5 * -16.9 * 0.7 -16.6 * 
231 -4.0 -16.8 *   -4.3 -17.1 * -20.0 * -3.5 -16.4 * 
  gs               
161 -41.6 * 2.1   -44.7 * -2.0 -39.5 * -38.3 * 9.4 
175 -32.3 * -0.5   -42.5 * -12.7 -30.6 * -20.5 * 20.7 
188 -10.1 9.4 *   -22.9 * -4.8 -1.5 3.4 27.8 * 
217 -26.1 * -19.0 *   -24.4 * -17.2 * -40.6 * -28.3 * -21.4 * 
231 -13.7 -16.7 *   -12.8 -15.8 * -28.3 * -14.8 -17.8 * 
  Ci               
161 30.2 * 1.0   26.3 * -2.5 30.9 * 34.2 * 3.7 
175 58.1 * 10.6   31.9 -10.8 67.3 * 87.4 * 26.8 * 
188 158.4 * 12.5   102.3 * -20.8 160.8 * 229.2 * 28.9 * 
217 69.1 * -14.1   70.5 * -13.1 45.5 * 67.4 * -14.7 
231 145.1 * -11.7   133.6 * -17.9 112.6 * 159.0 * -9.0 
  Cᵢ / Cₐ               
161 -14.0 0.5   -16.9 -2.6 -13.4 -11.1 4.1 
175 4.1 6.7   -13.5 -11.2 10.1 23.9 27.2 
188 71.0 * 8.3   33.7 -20.3 73.5 * 117.7 * 29.8 * 
217 11.9 -14.4   12.9 -13.5 -4.2 10.8 -15.2 
231 63.6 * -12.6 *   55.9 * -18.0 41.8 * 72.9 * -9.1 
  iWUE               
161 68.0 * -1.3   71.6 * 1.4 66.8 * 64.5 * -2.8 
175 50.0 * -3.7   60.0 * 4.1 46.3 * 40.5 * -8.6 * 
188 26.7 * -4.6   37.5 * 4.7 21.9 * 16.4 * -11.4 * 
217 41.9 * 10.2 *   40.0 * 8.6 56.0 * 43.6 * 11.4 
231 22.2 * 5.6   22.4 * 5.9 29.1 * 22.0 * 5.5 
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Supplementary Table 4.2 (ST 4.2).  Analysis of variance with complete block repeated 
measures for the daily data of: photosynthetic carbon uptake (A), quantum yield efficiency of the 
photosystem II (ФPSII), stomatal conductance (gs), intercellular [CO2] (Ci), the rate of Ci to the 
atmospheric [CO2] (Ci/Ca), and the intrinsic water use efficiency (iWUE) from maize grown in a 
CO2 by temperature interaction. The main effects are: [CO2] (CO2), temperature (Temp) and day 
time (Time). The statistically significant differences (p<0.1) and non-statistical significance (ns) 
are shown in the table. 
 
Supplementary Table 4.3 (ST 4.3). The daily percentage (%) deviations from control and 
between treatments are shown for the variables listed in Supplementary Table 4.2. Negative 
values indicate a reduction while positive values an increase in the rate of parameters. 
Statistically significant differences of the pairwise comparisons are indicated (*).  
 
